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Abstract 
 
This study is conducted to highlight the improvement in technology of 
manufacturing microstructures using maskless lithography technique. Direct laser 
writing technique was implemented, and a major section of this study is carried out 
on an experimental slant. Variables that were not covered experimentally were 
studied using lithography simulation software, GenISys – LAB. The aim of this 
study is to fabricate and analyze cost effective maskless lithography apparatus to 
ensure rapid prototyping and optimize the system to be used for at least two negative 
photoresist materials. A parametric study was carried out determining the best 
operating conditions from both perspectives of direct laser writing and material 
process parameters. All parameters were studied experimentally, but the impact of 
depth of focus was illustrated using lithography simulation. Using direct laser writing 
system, complex designs were manufactured. The developed system had a maximum 
writing speed of 0.834 mm/s. The minimum line width produced using optimized 
operating conditions was 3.94 µm. Experimentally, increasing laser intensity, 
increased the line width and by increasing post bake timings, it was observed that 
less laser intensity was required. Simulation results showed that depth of focus plays 
a crucial role in manufacturing good quality 3D resist profile. We developed a cost-
effective direct laser writing system as a part of studying maskless lithography 
process for rapid manufacturing. The total cost associated to develop this system was 
AED 4800 ($ 1307). This system was optimized to be used with two negative 
photoresist materials. A significant contribution of our work is through cost-
effectiveness and performance to produce complex designs using a maskless 
lithographic process. This study will provide an opportunity for researchers to use 
their innovative designs with faster and cheaper methods of prototyping 
microdevices.   
 
Keywords: Maskless lithography, photoresist, exposure dosage, line width, depth of 
focus, numerical aperture, pre-baking, post baking. 
 
 iiiv
 
 
 
 
 )cibarA ni( tcartsbA dna eltiT
 
نظام ليزر الكتابة المباشرة فعالة من حيث التكلفة للنماذج الأولية السريعة لأجهزة 
 ميكروفلويديك
 الملخص
أجريت هذه الدراسة لتسليط الضوء على التحسن في تكنولوجيا تصنيع الهياكل الدقيقة باستخدام 
المباشر ، ولقد تم تنفيذ قسم  تقنية الطباعة الحجرية المكشوفة. تم تنفيذ تقنية الكتابة بالليزر
رئيسي من هذه الدراسة على ممر تجريبي. وتمت دراسة المتغيرات التي لم تكن مغطاة في 
الهدف من هذه الدراسة  BAL-sySlneGالتجربة باستخدام برنامج محاكاة الطباعة الحجرية 
ضمان النمذجة هو تصنيع وتحليل أجهزة الطباعة الحجرية المكشوفة ذات التكلفة الفعالة ل
السريعة وتحسين النظام لاستخدامه لما لا يقل عن اثنين من المواد السلبية المقاومة للضوء. تم 
إجراء دراسة بارامترية لتحديد أفضل ظروف التشغيل من كل من وجهتي كتابة الليزر المباشرة 
تأثير عمق تمت دراسة جميع الاطارات تجريبيا ، ولكن تم توضيح  واطارات عملية المواد.
التركيز باستخدام محاكاة الطباعة الحجرية. باستخدام نظام الكتابة بالليزر المباشر ، تم تصنيع 
ملم / ثانية. وكان الحد الأدنى  0.8.4التصاميم المعقدة. بلغ أقصى سرعة كتابة للنظام المتقدم 
. من الناحية ميكرومتر 0...للعرض الذي تم إنتاجه باستخدام ظروف التشغيل المحسنة هو 
التجريبية ، زيادة كثافة الليزرأدى إلى زيادة عرض الخط وبزيادة توقيتات {البوست بيك} 
وأظهرت نتائج المحاكاة أن عمق التركيز يلعب  لوحظ أن هناك حاجة إلى كثافة أقل من الليزر.
ابة بالليزر دورا حاسما في تصنيع الملف الشخصي الثلاثي الأبعاد. ولقد قمنا بتطوير نظام الكت
المباشر فعال من حيث التكلفة كجزء من دراسة عملية الطباعة الحجرية المكشوفة للتصنيع 
دولار). وتم تحسين هذا  14.7درهم ( 4480السريع. بلغت التكلفة الإجمالية لتطوير هذا النظام 
اهمة كبيرة من النظام ليتم استخدامه مع اثنين من المواد السلبية المقاومة للضوء. كانت هناك مس
عملنا,وهي من خلال فعالية التكلفة والأداء لإنتاج التصاميم المعقدة باستخدام عملية الطباعة 
الحجرية المكشوفة. ستوفر هذه الدراسة فرصة للباحثين لاستخدام تصاميمهم المبتكرة بأساليب 
  أسرع وأرخص من النماذج الأولية.
الحجرية المكشوفة, مقاومة الضوء, جرعة التعرض, عرض الطباعة : مفاهيم البحث الرئيسية
  بعد الخبز,قبل الخبز , )الرقمية( الخط, عمق التركيز, الفتحة العددية
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Chapter 1: Introduction 
 
1.1 Overview 
This chapter introduces the topic and its significance towards research and 
development. Problem statement explains the current need for carrying out this 
research by providing background information to support the issue highlighted in the 
problem statement. Objectives of the study are also listed in this section of the report 
to introduce the major goals and expected achievements. Motivation and scope of the 
study are discussed in brief to explain the reason behind the selection of this field of 
research, and its contribution. Finally, limitations came across carrying out this 
research and limitations observed after completion of research work are listed in this 
chapter as well.  
1.2 Introduction   
The word lithography is derived from Greek words ‘lithos’ meaning stones 
and ‘graphia’ meaning writing. The interpreted meaning is writing on stones where 
stones are the silicon wafers and writing is transferred to patterns using 
photosensitive polymer called Photoresist (Mack, 2008). The process of lithography 
is majorly implemented to create patterns on silicon wafers or glass substrates. Steps 
followed to prepare patterns are: coating the substrate with a photoresist material, 
pre-baking the substrate, exposing to UV radiations with desired design 
(mask/maskless), post-baking substrate, developing, and inspecting the produced 
pattern under a microscope (Zhu, Fu, & Hou, 2011).  
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The crucial step is UV exposure that determines the patterning of the 
intended design. Traditionally, optical lithography technique was implemented using 
masks. The reduced image of the design was projected on the wafer through the 
mask by using the optical system as shown in Figure 1.  
 
Figure 1: Optical mask projection lithography  
The advancement in technology has triggered many techniques to meet 
industrial needs through submicron dimensions or through fast production 
alternatives. Alternative techniques were developed to overcome the shortcoming of 
the traditional methods such as masks and associated delay in preparing masks. The 
new generation techniques are also called NGL techniques such as EBL and IBL 
which are maskless techniques. However, the equipment cost is higher such as for 
EBL equipment cost is in the range of $ 10 to $ 30 million (Landis, 2013). Based on 
the source, lithography techniques are developed. Direct laser writing is another 
maskless technique that includes a UV laser beam as the writing tool instead of UV 
lamp like in traditional technique (Lee & Sundararajan, 2010).  
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Considering cost as the main factor, instead of using commercially available 
photolithography aligners, conventional lab microscope can be modified to produce 
microstructures (Lee & Sundararajan, 2010).      
1.3 Problem Statement  
The lithography technique used traditionally is considered as one of the main 
crisis of semiconductor industry because it is comprising of masks as well as time 
and cost associated with preparing them. In order to produce few wafers, the cost 
involved in preparing a chip can get higher than $ 2 million dollars for a set of masks 
(Menon, Patel, Gil, & Smith, 2005). The traditional technique required the 
intervention of many steps for single design because of using masks and it increased 
the cost per design to reach thousands of euros (Rajan, Raunio, Karjalainen, 
Ryynänen, & Lekkala, 2013). The need of maskless lithography system is imposed 
from the increased cost of masks and a longer period of writing (Pease, 2005). 
Further, maskless lithography machines offered in the market are expensive for small 
institutions to utilize for production and research (Horiuchi, Koyama, & Kobayashi, 
2015).  
To overcome drawbacks of small volume production, less diversity in 
patterning designs and shapes, alignment of masks, and higher cost of production, the 
necessity of low cost maskless exposure system becomes significant (Horiuchi, 
Koyama, & Kobayashi, 2015). For instance, photomasks used in thin film resist 
lithography for LCD panels cost nearly $ 800 million which is spent globally by 
LCD industries in accordance with 2008 report illustrated by Display bank, Korea 
(Kim et al., 2009).   
 
4 
 
 
 
 
1.4 Background Information  
The idea of maskless lithography is recognized significantly for flexibility 
and good resolution manufacturing from past 25 years in the market. It has been 
evolving based on the needs of production. Groups from Japan and US such as 
Hitachi, Fujitsu, and Etec approached advancements in maskless lithography 
technique using electron beam direct writing in early 1990’s. Later improvements in 
this field led the introduction of multi-ions beams approach in Europe supported by 
CHARPAN project and multi-photons beams approach in United Sates supported by 
DARPA. Later a global concern on improving maskless lithography was seen and in 
January 2005, SEMATECH a Maskless Lithography Symposium was conducted 
(Henry, Gemmink, Pain, & Postnikov, 2006).   
In the research and development field, direct laser writing has become 
popular due to its cost effectiveness, and flexibility to produce microstructures with 
different designs. The commercially available maskless lithography systems are 
specialized and sophisticated; however, are very expensive. For versatile research 
groups and small operating institutions, cheaper solutions are required. Therefore, 
maskless lithography cheaper solutions can be made personally to serve the purpose. 
Main things to test in such systems are the configuration of laser and XY linear stage 
(Jaramillo, Zarzycki, Galeano, & Sandoz, 2017). Maskless lithography can be 
implemented in different ways based on source and using appropriate approach 
through which virtual mask is projected. Based on the source of the photolithography 
system, different sources such as lamps or lasers can be used to get photons and 
optical exposure on the PR material. Based on the approach to project virtual mask, 
DMD or direct laser writing can be implemented (Kim et al., 2009).   
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1.5 Objectives   
The aim of this study is to fabricate and analyze cost effective maskless 
lithography apparatus. Hence, the following objectives are listed and expected to be 
achieved as outcomes:  
1. To build a cost effective maskless lithography system with a total cost less 
than AED 20,000 as a part of the experimental setup.  
2. To build a maskless lithography system which supports rapid patterning and 
supports repeatability. 
3. To integrate the system with software for reading G-Code.  
4. To utilize two (AR-N 4400 and mr-DWL) negative photoresist materials for 
testing the system and manufacturing microstructures. 
5. To optimize and study the impact of laser intensity.  
6. To optimize and obtain the best combination of operating conditions for best 
resolution (least + or – tolerance). 
7. To attain direct laser writing line width below 10 µm. 
8. To obtain the best combination of operating conditions required to produce 
smallest line width. 
9. To simulate the maskless lithography direct laser writing process.  
10. To manufacture some complex designs experimentally.  
This study will contribute to building and testing maskless lithography 
system for manufacturing microfluidic devices. Further, studying material processing 
parameters of two photoresist materials.  
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1.6 Motivation for the Study   
The Lithography technique is a key approach, and it is widely used as a rapid 
prototyping method in the fabrication of MEMS, Micro Sensors, Microfluidics and 
Bio Devices. Patterns produced from this technique can vary in width from 5 to 200 
µm based on the requirements of various types of microsystems. The variety in 
generating pattern is observed when there are changes in dimensions, thickness, 
designs, and utilizing different photoresist materials and substrates. The research 
interest in working in microfluidics and manufacturing MEMS was the main 
motivation to select this topic. Further, as the technologies are developing and 
moving towards fourth industrial revolution, more smart and cost-effective solutions 
are required. Manufacturing technologies are moving towards 3D printing and using 
robotics for mass production. All these factors acted as an inspirational choice for 
selecting this topic and performing research.   
1.7 Scope of the Study   
In this study, the designed system is intended to serve the purpose of 
manufacturing microstructures for microfluidics application. In addition, it is built to 
support research and development activity in the lab. For small institutions and 
universities that carry out academic research activities, this low-cost system can be 
used. AR-N 4400 and mr-DWL PR materials are examined in this study with 
specifications of the lithography system in order add a reference to researchers who 
are working with those PR materials. Some minor modifications to the system such 
as the addition of more than one laser head, automatic laser spot focusing, and 
camera to monitor real-time patterning, can enable the system for commercial use in 
industries at a cheaper price. These aspects are expected to be covered in the future.   
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1.8 Limitations    
Some of the limitations of this study are listed below: 
 Maskless lithography system is limited to pattern minimum line width of 4 
µm. 
 Only two PR materials AR-N 4400 and mr-DWL are tested using the 
maskless lithography system experimentally.  
 In simulating the system, all variables except prebake and PEB are not 
explored due to time restrictions.  
 Only one application (microfluidics) is provided by manufacturing PDMS 
microfluidic device.  
 All experiments were conducted in the lab without controlled cleanroom 
facility.  
1.9 Main Definitions     
Lithography – It is the technique of solidifying (curing) the layer of photoresist 
material with exposure to UV source (Using mask or maskless). 
Maskless – The maskless system may use a virtual mask or digital mask or use direct 
laser writing. In all cases, physical shape (mask) of intended design is not used. 
Photoresist Material – On exposure to a certain wavelength of light the material 
changes its phase. There is positive and negative photoresist material. The negative 
resist material solidifies with exposure whereas the positive photoresist material 
ablates on exposure.      
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Silicon wafer – It consists of two layers of light and dark blue color. The first layer 
(SiO2) is the one on which the photoresist material is coated. The second layer is 
made of silicon and hence the wafer is brittle.   
1.10 Organization of the Report 
Mainly, this report contains the following chapters: 
Chapter 1: Introduction – This chapter provides the problem statement, motivation, 
objectives, and limitations of the study.    
Chapter 2: Literature Review – This chapter provides insight into literature and 
latest works significant to the topic. 
Chapter 3: Research Methodology – This section of the report includes the details 
on approaches adopted with experimental setup, materials used, procedure, 
simulation modelling, data collection, and data analysis.     
Chapter 4: Data Analysis and Results – This chapter includes all experimental and 
simulation results illustrated graphically and figures with emphasized results.  
Chapter 5: Findings and Discussion – This chapter discusses the results with 
highlighting research objectives.  
Chapter 6: Conclusions and Recommendations – This chapter includes basically 
the outcomes obtained from this study along with few recommendations.  
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Chapter 2: Literature Review 
2.1 Overview  
This section provides a brief outline of the literature review. In addition, 
some journal articles are annotated in a summarized manner to look into 
specifications of maskless lithography systems built for different research 
applications.    
2.2 Literature Review  
The invention of lithography was in 1959, and since then it has boosted 
semiconductor industry rapidly. Application of this method is mainly observed in the 
flied of electronics, biology, medicine, and chemistry (Ding, Ren, & Lu, 2013). 
Maskless lithography technique implemented using Direct Laser Writing approach is 
mostly reviewed from literature and other similar work is also covered in this 
section. 
A study conducted examining low-cost maskless lithography by LCD video 
projector found one-pixel projection equivalent closely to 14 µm as minimum line 
width possible. The low-cost system was constructed using 3500 euros (Horiuchi, 
Koyama, & Kobayashi, 2015). An experimental study carried out creating microlens 
array was successful utilizing DMD dot patterns on positive PR. Maskless 
lithography method was implemented to reduce cost and fast fabrication of microlens 
(KentaroTotsu, Fujishiro, Tanaka, & Esashi, 2006). In the same manner, PDMS 
micro-lens were fabricated using digital lithography with single step digital DMD 
grayscale mask. The array was fabricated using this technique for being a low-cost, 
maskless, and single step (Zhong, Gao, Li, Zhang, & Luo, 2014).  
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Maskless lithography is also studied with simulation methods. A study 
conducted to simulate the performance of low-cost maskless lithography system 
using DMD proposed utilizing pixel based aerial imaging for patterning (Shi & Gao, 
2013). Further, the numerical computation for exposure correction is carried out 
studying DMD based maskless lithography device (Rajan, Raunia, Karjalainen, 
Ryynänen, & Lekkala, 2013). 
Direct laser writing lithography is also studied for micromachining and 
micro-molding. Experimental work conducted to find out laser ablation on different 
PR materials found that near UV region laser can be implemented in rapid 
prototyping and micro molding. The laser implemented was 355 nm wavelength on 
four different PR materials including both positive and negative PR types (Gabran, 
Mansour, & Salama, 2012). For larger area production, a maskless lithography 
system is examined and supported with large data storage for faster management, 
transmission, and synchronizing of information. The hardware support was provided 
using Xilinx Virtex FPGA chip and SSD which improved the writing speed of 
lithography system up to 24 sq mm area per second (Lu, Wu, & Ke-yi, 2016). Direct 
laser writing can also be implemented for nanolithography. Finite element approach 
was carried out to examine the impact of patterning on PCM and two dielectric 
layers. Intensity, aperture size, and temperature due to irradiation were studied (Park 
et al., 2016). Inkjet printing and laser sintering process was demonstrated to show the 
maskless lithography application in electronics. The pulsed laser sintering is 
demonstrated with AFM topology analysis to separate two electrodes with a sub-
micrometer line (Ko et al., 2008). Analyzing two laser beams focusing one spot and 
carrying out maskless direct laser writing have covered results comparable to EBL of 
manufacturing 9 to 52 nm sized features (Gan, Cao, Evans, & Gu, 2013).  
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Direct interaction of laser beam onto resist film to generate submicron 
structures using inorganic amorphous material is termed as thermal lithography. It is 
a cost-effective method as the laser is used as a direct tool. Using 405 nm and 0.65 
NA, the impact of laser intensity was studied by controlling laser voltage from 1.8 to 
3.4 mW with steps of 0.2 mW. The illuminated laser beam was used to break the 
amorphous structure to crystalline structure and which helps in dissolving crystalline 
part in the development process. Since new inorganic amorphous materials used had 
good thermal absorbing properties, submicron structures were manufactured (Liu, 
Hsu, Jeng, & Chen, 2009). Instead of using laser exposure directly, the optical fiber 
can be used to guide and light delivery system. High power 405 nm wavelength laser 
diode coupled with optical fiber was used and fluence was studied. The laser power 
studied was in the range of 0.5 mW and 6 mW by controlling the stage and time of 
exposure from 20 ms to 1000 ms. The distance between optical fiber tip and substrate 
was fixed as 5 µm. For a wide range of fluence, consistency in dimensions of 
structures was found that is crucial for producing high quality microfluidic channels 
(Y.K.Cheong et al., 2016).    
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2.3 Annotated Articles   
2.3.1 Low Cost Laser Lithography using a Blu-Ray Optical Head Assembly  
This research was accomplished with the development of low cost laser 
lithography system and components were separately purchased with the objective of 
a very low-cost alternative. After completion of the fully working system, the test 
was run with the preparation of patterns using SU-8 photoresist at different 
intensities with adjustment of optical power of the laser and at 0.7 mW optical 
power, the system provided fine results with 0.45 µm resolution. The adjustment for 
focusing of the laser was done through a computer-controlled stage. In order to get 
lower cost laser head, Blu-Ray recorder laser head from PlayStation console was 
taken and with adjustable objective lens attached. The semiconductor diode laser of 
405 nm and 0.85 NA of the objective lens are considered in the selection of the laser 
head. Setup of the system is shown in Figure 2 (Rothenbach & Gupta, 2012). 
 
Figure 2: Setup of low cost laser lithography system 
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2.3.2 Low Cost UV Laser Direct Write Photolithography System 
UV laser direct write system is developed, and this system is supported by 
UV laser diode of 405 nm and 350 mW power. The total cost of developing this 
system took only $ 955 equivalent to AED 3500 (Waynelovich, Seperi, Mehta, 
Kassegne, & Khosla, 2012).  
The micro positioning stage is controlled by stepper motors and the UV 
source facing the stage was connected with glass lenses focused to a one-micron 
point. Writing speed of laser at maximum power achieved was 1 cm/s. The system 
was also equipped with digital microscope and yellow light source in order to 
visualize real time run. As the research was focused on making low cost system, a 
detailed analysis in the form of cost breakdown structure is mentioned. However, it is 
challenging to attain line width less than two-microns, the line width of the writing 
on SU-8 photoresist was tested and two microns line width was easily attained. The 
image of the system is shown in Figure 3 with results attained on writing on SU-8 
photoresist (Waynelovich, Seperi, Mehta, Kassegne, & Khosla, 2012). 
  
Figure 3: UV laser lithography system and written pattern (SDSU) of 5 µm width 
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2.3.3 Blue Laser Direct – Write Lithography System 
In this study, an optical lithography system is researched and developed with 
blue-ray laser with Nano positioning stage for direct writing as shown in Figure 4. 
NA of 0.85 and 405 nm wavelength blue ray optical head was used. The optical head 
is taken from commercially available LG Blu-Ray DVD player that minimized the 
cost as well as the overall dimensions of the system. Control of focusing on the 
substrate is achieved automatically with the implementation of stage adjustment and 
reading error signal from the substrate reflected light to adjust the stage using voice 
coil motor. Parameters that are controlled in this study were spot size of the laser on 
the substrate, produced linewidth on the substrate, time is taken for completing the 
writing on the substrate, and location of the exposure pattern is well-regulated. The 
spot size of the laser was minimized to 3 µm and micro structure developed had a 
minimum line width of 3.3 µm. Furthermore, the system was configured with 
automatic adjustments of the stage with respect to the thickness of the substrate by 
reading the signal of the laser spot. Also, it was configured to know the changes in 
input power to laser head and time of exposure (Chang, Lee, Lin, & Wen, 2012). 
 
Figure 4: Configuration of lithography system with Nano positioning stage 
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2.3.4 Direct Laser Writing System 
In this study, Direct Laser Writing System supported by microscope center is 
designed as part of an alternative to traditional lithography technique. This 
alternative was developed with the objective of manufacturing microfluidic masters 
that are essential in the production of microfluidic devices (Lafratta, Simoska, Pelse, 
Weng, & Ingram, 2015).  
The width of the line drawn by Direct Laser Writing System depends on the 
objective lens used and its focal length position, movement of the stage (speed), and 
intensity of laser (power). The continuous laser of wavelength 405 nm and different 
NAs were implemented. Mainly these were the three variables that were studied in 
the fabrication of the system. After fabrication, Direct Laser Writing System was 
used to generate pattern and PDMS was used to make microfluidic devices by 
casting on the patterns generated (Lafratta, Simoska, Pelse, Weng, & Ingram, 2015).  
Furthermore, it was ensured that system is capable performing sequential 
patterning steps that are producing repair structure to the old or existing pattern. 
Overall, cost of equipping the Direct Laser Writing System with fluorescence 
microscope was less than $ 5000. It was concluded that this system is successful in 
producing Lab-on-chip devices and serving as an alternative to mask-based 
lithography. Setup of the system is shown in Figure 5 (Lafratta, Simoska, Pelse, 
Weng, & Ingram, 2015). 
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Figure 5: Direct Laser Writing System supported by a fluorescence microscope  
2.3.5 In-vitro Maskless Photopatterning  
Soft lithography technique takes more time and has steps for fabricating 
Microfluidic Assays, hence, a maskless photolithography technique is introduced in 
this research (Oliver, Gourgou, Bazopoulou, Chronis, & Hart, 2016). 
The substrate used for testing is Agar that is important for creating a culture 
in vitro of C. elegans which is model organism used to study animal behavior and 
ageing. The maskless Photolithography System was equipped with microscope and 
projector was considered as the light source for curing. The good thing about this 
work is that real-time patterning was done through free hand drawing on the culture 
environment creating micropillars with observing the movement of C.elegans motion 
as shown in Figure 6 (c) (Oliver, Gourgou, Bazopoulou, Chronis, & Hart, 2016).  
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The geometry generated was flexible, rapid, and with real-time control. This 
provided the researcher to control and interact with the moving system of the culture 
and isolate individual organisms. The components of Maskless Photopatterning 
System are virtual mask generator (DMD, Wintech 4100), UV light source (10W 
mercury lamp, Dymax Blue Wave 75), White light source (Zeiss CL1500), and 
Nikon D5100. The control of rapid prototyping tool when the system is operating 
real-time is achieved with Tablet-Based Method that included mainly four steps 
(Oliver, Gourgou, Bazopoulou, Chronis, & Hart, 2016):  
 Input hand drawing of the required feature. 
 A computer connected with a tablet takes the drawing and converts into path. 
 This path is projected by DLP and PEG-DA pattern is achieved. This feature 
is very potential one when it comes to modification of the existing patterns. 
The free-hand real time drawing was made concurrent with lithography 
system using LabVIEW program that was customized to project light with a 
delay after writing on the tablet to the projection and this time was 
approximately 250 ms. Setup and design of maskless photolithography 
system are shown in Figure 6 below (Oliver, Gourgou, Bazopoulou, Chronis, 
& Hart, 2016): 
18 
 
 
 
 
 
Figure 6: (a) Sequence used for real-time imaging and decision making to project the 
next pattern, (b) Schematic and configuration of photopatterning system, and (c) 
Example: Frame developed as a maze for isolating C. elegans worm. 
2.3.6 Microscope based Maskless Micropatterning 
Micropatterning system was developed in this study that had XY adjustable 
stage and was supported by fluorescence microscope. XY adjustable stage was 
programmable with respect to the input information of the required design feature. 
This method is developed for in-house utilization of maskless photography. 
Application of this system is related to fabrication of microfluidic channels and 
protein pattering for biomedical microsystems. The DFP used in the experimental 
work was negative Ordyl SY 330 photoresist because of the properties (Leigh, Tattu, 
Mitchell, & Entcheva, 2011).  
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This material had good depth feature adding layer by layer with 30    depth 
layer, excellent planar surface of coating, and good response at dose 75 
  
   
 towards 
threshold of UV irradiation. The epifluorescence microscope used was Nikon 
TE2000-U and standard Xenon light source used was connected to the filter that 
passes UV light of 365 nm wavelength. This writing was done with microscope lens 
and the objective lens used had NA of 0.75 (40x or 20x). The focused light source 
was illuminated on the XY motorized stage through a pin hole for further control of 
spatial resolution (Leigh, Tattu, Mitchell, & Entcheva, 2011). 
 
Figure 7: Experimental setup of maskless microscope-based patterning 
20 
 
 
 
 
This stage was programmed based on C++ custom software that controlled 
the stage movement connected to COM port to the computer. Different stages that 
were considered in this research are shown below in Figure 7. Produced patterns in 
different shapes like a butterfly and circular designs are casted in PDMS devices and 
illustrated in Figure 8. After patterning and casting on PDMS, the results are shown 
below in Figure 8 with functions used for patterning and programming (Leigh, Tattu, 
Mitchell, & Entcheva, 2011). 
 
Figure 8: Experimental results of the micropatterning DFP  
2.3.7 Low – Cost Maskless Grayscale Lithography with new photo definable 
polyimide 
In this study, the lithography system was constructed based on DMD with a 
light source as a part of research exploring new photosensitive polyimide material 
HD8820. The maskless lithography system consisted of six main components: Stage, 
focusing optics, DMD, shutter, light source, and control unit  (Lake, Walsh, & 
McNamara, 2009).  
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The pixels used by this system in order to produce pattern were 15 microns, 
however the system provided smaller range and surface roughness was measured 
before and after final curing using Zygo Interferometric System and SEM images 
were collected for evidence. The roughness of the peak decreased from 11.2 nm to 
4.4 nm. The system took only 4 hours from reading CAD file to patterning and setup 
is shown in Figure 9 below  (Lake, Walsh, & McNamara, 2009). 
 
Figure 9: Low-cost DMD based lithography system  
2.3.8 UV Laser – Maskless Microscopic Lithography with DMD 
In this study, the combination of DMD and Laser is used for maskless 
lithography. The predesigned intensity pattern is firstly sent to the DMD and then the 
laser is directed in the same manner to carry the pattern with Gaussian or Quasi-
Gaussian distribution to rinse and etch it. This methodology of sending the laser 
beam helps in the photon-induced curing of the resin and increases control on shapes 
produced by the laser beam. DMD is helping in producing virtual masks and act as a 
medium through which the light is modulated by giving direction to the laser to 
produce the required pattern. The experimental setup in Figure 10 shows the how the 
system is combined with DMD and laser (Ding, Ren, & Lu, 2013). 
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Figure 10: Laser and DMD based maskless lithography system   
The laser beam is directed to pass from lens L1 which increases the light 
width to 37 mm and then beam is reflected on the DMD (1024 x 768 resolution) with 
an incident angle of 24
o
. Every micro mirror of DMD was controlled via customized 
software of Visual 6.0 C++ program. L2 lens helps in collecting the UV laser from 
DMD and passes on to the pinhole in order to improve the quality of laser beam. The 
focal length of L2, L3, and L4 is 100 mm and they are arranged in the same plane 
and optical train such as the telescope arrangement. The range of the telescope 
arrangement starts with BFP of the L2 to the microscopic objective. In order to attain 
wavelength of range 325 to 500 nm, 0.25 NA and 10X magnification objective is 
used. The target stage is kept parallel to the DMD and pattern generation is by the 
DMD optical path etching. The light from LED is used to illuminate the stage in 
order to visualize the pattern generator and it should made sure that wavelength of 
the LED light must not affect the curing.  In the Figure 10, DM placed in between L4 
and objective and it helps in acquiring the output laser profile through L5 on the 
CCD Camera connected via USB on the PC. The control of the moving stage is also 
through the C++ software and the minimum of 100 micrometer stage movement is 
noticed in XYZ directions (Ding, Ren, & Lu, 2013).  
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2.3.9 Simple maskless lithography based on LCD projector 
The low-cost tool selected in this study is a commercial projector with three 
panels of LCD of three colors reds, green and blue. The projector output was 
replaced by the macro lens of the camera. The total cost of the system was closely € 
3,500 equivalent to AED 14,920. Outside view and schematic of the system is shown 
in Figure 11 below (Horiuchi, Koyama, & Kobayashi, 2015). 
 
 
Figure 11: (a) Schematic of optical arrangement within the projector, (b) Pixel size of 
7.4 µm (square) and pitch of 8.5 µm in the resolution of 1024 x 768, and (c) Outer 
view of the completed system. 
(a) 
(b) 
(c) 
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With LCD, the objective is to get the good printing of pattern vertically and 
horizontally in a square manner and reduce the pitch to smallest as possible. 
Therefore, it is expected to reduce the black matrix to smallest as possible and 
keeping into account a 1024 x 768 resolution (pixel number) projector was chosen 
for research. Finally, the projected light wavelength of the ray after passing from the 
blue filter was in the range of 430 – 520 nm. The pixel projected on the substrate was 
14 µm. The wafer is placed on the XYZ stage underneath the projection lens as 
shown in the image (c) and performance of z-axis was checked. The adjustment of 
the z-axis was done with trial and error by printing patterns and getting a best one. 
The z-axis setting was made manual in order to minimize the overall cost of the 
system. The dimensions of the complete system were within 300 mm width, 400 mm 
depth, and 500 mm height (Horiuchi, Koyama, & Kobayashi, 2015).  
2.4 Materials  
The negative PR material, AR-N 4400 is very effective compared to SU-8 
because even high aspect ratio structures can be easily removed or detached from the 
substrate. This property can be used for fabricating MEMS devices (Schirmer et al., 
2007).  For rapid prototyping of microfluidic devices using direct laser writing, new 
epoxy-based PR material mr-DWL is used. High aspect ratio structures with 35 µm 
thickness and 5 µm line width were fabricated (Cadarso et al., 2012). For peptide 
encapsulation, the microfluidic device was prepared with mr-DWL PR material with 
35 µm thickness and 50 µm width of the channel (Celetti, Natalea, Causa, Battista, & 
Netti, 2016). The negative photoresist material mr-DWL is very much suitable for 
photolithography for selective wavelengths such as mr-DWL_40 activates at 405 nm 
wavelength (Hemanth, Anhøj, Caviglia, & Keller, 2017).  
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Maskless exposure system was implemented to prepare micro components 
using mr-DWL_40 PR material (Okabe, Okano, & Suzuki, 2016). mr-DWL negative 
PR is similar to SU-8; however, the sensitivity is higher and has commercially 
optimized maskless lithography system, DWL 200 Heidelberg Instruments 
(Chidambaram et al., 2017). For patterning micro arrays of 100 µm and 200 µm to 
build microfluidic bioassays, mr-DWL_40 negative was used with 75 µm thickness 
layer (Sathish, Ricoult, Toda-Peters, & Shen, 2017).      
2.5 Studying Line Width and Exposure  
Optimizing the process parameters such as pre-bake time, exposure time, post 
bake time, and development time are essential as these parameters impact the line 
width with respect to the thickness of the coated PR material (Pinto, Sousa, Cardoso, 
& Minas, 2014). To obtain more precise dimensions of microstructures, the 
variations in line width must be examined. Further, if maskless laser lithography is 
used, the manufacturing can be made efficient with direct writing. With increasing 
exposure dosage, the line width increased, but the quality was better for certain range 
of exposure. The overexposure cases showed that the curvature of the lines started to 
appear blur (Yiyong & Guoguang, 2008). The maskless grayscale lithography 
technique utilized for manufacturing 3D micromixers found that not only the width 
of the line but the profile through the thickness is also affected by exposure intensity. 
The exposure energy was found as a function of exposure time and exposure 
intensity affecting the pattern of negative PR material SU-8 (Rammohan et al., 
2011).  
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With increasing the exposure dosage, the cross section of the lines 
perpendicular to beam increased (Shao & Chen, 2005). Increasing output power of 
the laser, the line width variations are observed increasing (Kuehne et al., 2008). 
Simulation study carried out with modelling DMD based digital maskless 
lithography found that at different exposure efficiencies, line width dimensions 
varied. The exposure efficiency is calculated as a ratio of peak exposure to saturation 
intensity. At 100% exposure efficiency, line width obtained was 17.6 µm with a 
standard deviation of 0.18 µm. Similarly, at 80% exposure efficiency, 7.8 µm line 
width was achieved with 0.78 µm standard deviation (Kang & Hahn, 2011).  
In order to verify experimentally, the laser diode of 405 nm and 900 mW 
power was used as a source, DMD, and transition stage with a maximum speed of 
4.5 mm/s. Experimental results were correlated closely to simulation results. At 60% 
of laser power, the line was fully developed. At this point, required line width 
coincided to target value and simulation results showed line width as 5.3 µm, 
whereas experimental results showed 5.53 µm (Ryoo, Kang, Song, & Hahn, 2012). 
Direct laser writing obtained using microscope and wavelength in florescence 
spectrum. The line width decreases untill 70 mW depletion power of the continuous 
wave and then line width increases for rest of increasing power (Fischer, Freymann, 
& Wegener, 2010).           
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2.6 Summary    
In brief, many studies using a laser as a source and direct writing tool have 
considered using UV laser diode of 405 nm wavelength and NA 0.85. The DMD 
based systems using UV lamps and projectors. Some of low cost maskless 
lithography systems are made with the cost of € 3500, $ 5000, and $ 955. New 
negative PR materials observed from the literature are AR-N 4400 and mr-DWL_40. 
The line width variations are expected to increase with increasing intensity of laser or 
increasing exposure dosage.  
The identified gap in the literature is that cost effective maskless lithography 
systems are not optimized for obtaining output line width as input. However, many 
studies have focused on providing information on minimum line width. Also, there 
are very few journal articles in the literature that parametrically studied important 
variables such as exposure dosage for production of desired line width for maskless 
lithography system.     
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Chapter 3: Research Methodology 
3.1 Overview  
This chapter will focus on explaining the methods adopted to carry out 
experiments, to carry out the simulation, to collect data, and to analyze it. The 
experimental setup will discuss details on various equipment utilized in preparing the 
samples and collecting information. In addition, it will also include information on 
building the maskless lithography system. In the materials section, information about 
two negative photoresists, accompanying developers, and other materials are 
provided. In methodology, the experimental procedure for two negative photoresists, 
simulation steps, and other details on optimizing operating conditions are discussed. 
Briefly, details on collecting and analyzing data are mentioned at end of this chapter.   
3.2 Experimental Setup  
 
Figure 12: Experimental apparatus  
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The experimental apparatus shown in Figure 12 is consisting of spin coater, 
baking unit, direct laser writing unit, shaker, and microscope. Spin coater (Model 
WS-650-HZB-23NPPB) from Laurell Technologies Corporation is used for coating 
different layers thickness according to spin curves of the PR materials. There were 
two baking units implemented based on the requirement of heating from convection 
oven and heating from hotplate. Based on the required baking unit for prebaking and 
post-baking steps, Labtech convection oven with a heating range of 15
o
C to 250
o
C or 
Torrey Pines (H56) hot plate capable of heating up to 400
o
C is used. Direct laser 
writing setup is designed and built for maskless lithography through preliminary and 
detailed design stages. In the preliminary stage, various alternatives were listed, and 
one alternative was selected based on the advantages and disadvantages. Detailed 
design of the selected alternative is provided in the following section.  
3.2.1 Direct Laser Writing Apparatus Design 
3.2.1.1 Preliminary Design  
In the preliminary design stage, conceptualization of the UV Maskless 
Lithography system alternatives is developed based on the important functions of the 
system. Essential functions include laser tool for writing, stage for holding the work 
piece, control unit for controlling the x and y motion, G-code reader and encoding 
software, and power unit for the system. Overall, four conceptual models/ 
alternatives were generated. The decision matrix is developed after highlighting the 
advantages and disadvantages of every conceptual model made. Based on the 
Decision Matrix Score, one of the conceptual models is selected. Main factors that 
are tested in the Decision Matrix are functionality aspect, manufacturing aspect, cost 
feasibility aspect, maintainability aspect, resources and time. 
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3.2.1.2 Alternatives  
Meeting all the essential functions and objective of direct laser writing, four 
different alternatives were developed and evaluated for associated advantages and 
disadvantages. The below Table 1 classifies the advantages and disadvantages with 
respect to alternatives.  
Table 1: Advanatges and disadvanatges of alternatives  
 Alternatives Advantages Disadvantages 
1  
 
 The structure 
has four 
supports.  
 
 Complex laser connection.  
 Complex stepper motor 
connection.  
 Laser stability can be 
affected 
2  
 
 The effective 
motion of 
two stepper 
motors used 
by laser.  
 
 Complex stepper motor 
connection. 
 Needs proper wiring of the 
laser to support the proper 
movement of stepper 
motors.   
3  
 
 Stable laser 
position. 
 Stepper 
motors can 
be connected 
effectively to 
the ground.  
 Workpiece holder needs a 
firm connection to stepper 
motors stage assembly.  
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4  
 
 Laser writing 
through 
raster can be 
achieved 
easily.    
 The stage movement and 
laser movement are on 
separate axis.   
 
3.2.1.3 Decision Matrix  
Table 2: Decision matrix 
Point Scale – Excellent (5), Very good (4), Good (3), Fair (2), and Poor (1). 
Criterions 
(Weightage) 
Functionality (20) Manufacturing 
(25) 
Cost 
(30) 
Maintenance 
(10) 
Resources 
and time 
(15) 
Score 
Alternative 
1 
2 3 2 2 2  
225 40 75 60 20 30 
Alternative 
2 
2 2 3 1 2  
220 40 50 90 10 30 
Alternative 
3 
3 4 3 3 3  
325 60 100 90 30 45 
Alternative 
4 
2 3 3 3 2  
265 40 75 90 30 30 
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The outcome of implementing decision matrix in Table 2 shows that 
alternative 3 is more fulfilling the criterions. Hence, alternative 3 is selected and 
detailed design is carried out.  
3.2.1.4 Detailed Design  
Detailed design is consisting of all the specifications of selected components 
of the prototype based on a calculation made from design equations. Selection of 
micro-stepper motors, lead screw design and laser is made based on the design 
equations and requirement of the system. At the beginning of this section, important 
parts of the system are discussed in brief. Subsequently, details regarding the 
application of the equations used in the design and selection of the standard 
components are discussed. 
3.2.1.5 Specifications of System Components   
   
Figure 13: Classification of the components of the Direct Laser Lithography System 
Direct Laser Lithography System 
Stage Assembly 
(X-Axis and Y-
Axis) 
Work-piece 
holder 
Lead screw 
assembly 
Lead screw 
Bearings 
Case 
Actuators 
assembly 
Motor 
Coupling 
UV Laser 
Assembly 
UV laser diode 
Holder 
Assembly of 
Control Units 
Micro-Stepper 
Driver Units 
Mach3 
interference 
board 
Mach3 program 
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Figure 14: Schematic of the Direct Laser Lithography System 
According to the selected alternative, the specifications are provided in the 
above classification diagram. Main units of the system are XY Stage, Control Unit, 
and UV Laser Unit. The XY Stage includes the assembly of actuators, lead screw, 
and work piece holder. Actuators are consisting of micro-stepper motors and 
coupling. The lead screw is connected to the case and bearings are provided at the 
end supports for smooth operation. Work piece holder is 3D printed based on the 
dimensions of the Silicon Wafer (3.5’’). The Control Unit can be classified into three 
sections: control of driver units controlling the rotation of micro stepper motors, 
Mach3 Software will load the G-Code and Mach3 interface board that is responsible 
in sending commands to the driver units and laser switch operation based on the 
Mach3 Software G-Code readings. UV Laser Unit has UV Laser Diode which is 
basically the tool of Maskless Lithography and holder is a rigid support that is fixed 
to the base of the machine. The alternative selected was modelled in SolidWorks 
based on the specifications listed previously.  The units illustrated in Figure 15 in the 
3D model are stepper motors, laser holder, laser, work piece holder, lead screw 
connections, and the coupling.   
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Figure 15: 3D CAD Model of Lithography System 
The work piece or substrate will be placed on the stage as shown in Figure 15 
and according to the commands provided by the G-code loaded in Mach3 Software, 
the XY – Stage and laser will activate. The 2D movement of the XY-Stage is due to 
the rotation of X-Axis and Y-Axis stepper motors. Laser Switch is connected to the 
Mach3 Interface board that will control the Laser on/off time.  The XY-stage is built 
with two liner motions supported by lead screw rotation from the X and Y axis 
stepper motors, and they are connected one above the other as shown in Figure 15. 
Design objectives will include: safe movement of the work piece placed stage with 
motion induced by both X and Y axis stepper motors, the laser head remains rigid 
and with a firm connection to avoid any vibration and keeping large safety factor to 
ensure the weight of the work piece moved by the stage is smooth. Since two axis 
stages are placed one above the other, the weight of the upper stage is added in the 
weight to the lower in addition to the weight of the work piece itself. The 
calculations will be carried out based on the weight of the top axis stage with work 
piece weight.  
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The lead screw velocity can be determined as shown below (Meruva, Bi, 
Mueller, & Kang, 2013):    
        
The linear velocity that will be associated with the stage is given by ‘v’ in m/s 
and that is a function of the pitch of the screw and rpm of the stepper motor. The 
selected pitch was 5 mm and based on the number of steps provided by the stepper 
motor, the linear velocity will be determined.    
The selection of stepper motor is done using the following equation (Thk, 2017):  
  
     
     
 
Even though the sample weight is less in few grams, higher thrust force 
requirement is considered for safety. Hence, 50 N of thrust force (FT) is assumed. 
Lead (L) of 0.18 m and 96% of lead screw efficiency (η) is considered. Therefore, 
the torque requirement of 1.49 Nm was found. To meet the needs, NEMA 23 stepper 
motors were selected that provide a maximum of 1.8 Nm of torque.  
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Figure 16: Forces on the lead screw (ball screw) (Li, Jiang, Li, & Du, 2017) 
The radius of the lead screw is calculated based on the helix angle ( ), 
required thrust force (F), and torque applied (T). Maximum torque of NEMA 23 
stepper motor, 1.8 Nm, thrust force of 50 N, and helix angle of 85 degrees are used to 
find out the nominal radius of the screw using the following equation (Li, Jiang, Li, 
& Du, 2017).   
         
The nominal radius was found to be 0.00315 m that corresponds to 6.3 mm in 
diameter. Hence, the lead screw of an inner diameter of a ½ inch that is readily 
available with a lead of 18 cm and with same helical angle was used (PIC, 2018).  
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3.2.1.6 Assembly of XY – Stage  
The liner movement in x – axis direction or in y – axis direction is mainly 
through the connection of two components: the actuators or stepper motors and the 
lead screw assembly. A main operating component that provides the liner motion is 
the lead screw assembly. The secondary component that provides the rotation motion 
as input to lead screw is the actuator or stepper motor. Because the efficiency and 
performance of the system are dependent on the lead screw functioning and the 
utilized power in transfer to liner motion, firstly, a lead assembly is discussed in this 
section and secondly, the connection of the actuator to lead screw with coupling is 
discussed. The third section of the assembly of XY – the stage is the work piece 
holder and it was built based on the dimensions of the silicon wafer (3.5’’ in 
diameter). The CAD drawing of the workpiece holder is also attached in the same 
section.  
3.2.1.7 Lead Screw Assembly 
Main components that are associated with the lead screw assembly are the 
lead screw itself, casing, and bearings as the supports. The effective length was 
considered as 18 cm. Because the writing tool was located in the mid-span of the 
lead screw to accommodate writing till both ends, the total lead screw length of 18 
cm was selected. The casing is basically the housing of the lead screw and bearings 
for rigid support. Its design is critical to avoid disturbance in the movement of power 
and transmitted movement with the nut locking. The rotation of lead screw rigidly 
connected to motor induces the liner translation motion in the nut. As the system is 
required to move in micro steps with accuracy, selection of thread type and deciding 
lead and pitch of the screw becomes crucial.  
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The backward and forward liner motion induced by a lead screw as a function 
of the length of the screw, pitch, lead, and angle of the helix. The selection of the 
bearings is also based on the load that will be carried by the screw itself including the 
weight of the work piece, but work piece weight is negligible compared to the weight 
of the screw and stage weight. The casing of bearing is done with fixed to fixed ends 
supports of the lead screw. The SolidWorks model is shown below in Figure 17 for 
the lead screw assembly: 
 
Figure 17: 3D CAD Model of the lead screw assembly   
3.2.1.8 Workpiece holder  
The workpiece holder was modelled in CATIA and 3D printed by using the 
exported STEP file format. The dimension of the workpiece holder is made 
according to silicon wafer diameter 3.5’’. The below Figure 18 shows the 3D model 
and actual printed workpiece holder.  
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Figure 18: (a) 3D model made using CATIA and (b) Actual 3D printed workpiece 
holder. 
3.2.1.9 Assembly of Control Units  
The controller chip, stepper motor drivers, and Mach3 computer software are 
main control elements that are connected together to operate the system.  
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The controller chip is shown in Figure 19 (a) is consisting of connections to 
control three stepper motors, to control one operating tool, and USB connection to pc 
to read and send software commands. The stepper motor driver unit is shown in 
Figure 19 (b). 
       
Figure 19: (a) Controller chip and (b) Stepper motor driver. 
The stepper motor driver divides the number of steps provided by a stepper 
motor in more sub-steps. The step angle of NEMA 23 stepper motor is 1.8° and in 
one complete rotation, 200 steps are provided moving the lead screw with 5 mm. 
Therefore, the linear distance moved is given by:  
Linear distance per step (without stepper drivers) = 
 
  
             
   
     
             
         
Linear distance per step (without stepper drivers)             
The stepper motor drivers further reduce the step size by providing micro-steps. The 
used stepper motors drivers offer 256 sub-steps for each step of the stepper motor. 
Henceforth, the distance travelled by linear stage in micro-steps is given by:  
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Linear distance per step (with stepper drivers) = 
       
   
             
Linear distance per step (with stepper drivers)               
The calculated value is 97.7 nm/step which is closely 0.1 μm per step.  
Based on the rpm of the stepper motor, the range at which the linear stage 
velocity operates is 0 to 833.5 μm/s.  
The used Mach3 software interface is shown below Figure 20. The user 
interface of the Mach3 software is consisting of options in the toolbar to open the file 
and upload G-Code of the design. The black screen on the right hand displays the 
design once the G-Code is uploaded. Up on running the G-Code by pressing ‘Cycle 
Start’ button, the coordinates are read and can be monitored on the black screen. 
Further, the details such as the feed rate and time elapsed are also shown on this 
interface.   
 
Figure 20: Mach3 software interface 
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3.2.1.10 UV Laser Assembly  
The UV laser was fixed rigidly using acrylic support at the particular position 
after observing the best focus spot with protective eyeglasses. As the adjustable 
convex lens of 6.3 mm diameter and 4 mm, focal length was used, the focus point 
was adjusted with trial and errors to get minimum beam spot at the location of the 
workpiece holder. Support of Zemax Optical Studio software was also taken for 
position adjustment as shown in Appendix. The laser specifications are shown in the 
below table:  
Table 3: Laser specifications  
Wavelength 405±5 nm 
Power 500 [mW] 
Operating mode CW 
Numerical aperture 0.85 
Transverse mode Near TEM00 / Multimode 
Beam divergence angle 0.5 [mrad] 
Beam diameter 2.5 [1/e
2
, mm] 
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Figure 21: UV laser focusing  
The reflected UV laser beam at high power input is illustrated in Figure 21 
and laser focusing is done in the dark room conditions. This improved the 
observation of the focused spot while adjusting the focal length of convex lens.   
    
   
Figure 22: (a) XY Stepper motors assembly, (b) Connected workpiece holder, and (c) 
Completed system.  
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Figure 23: (a) Side view of complete system and (b) Dimensions of complete system.  
The completed maskless lithography system ready for the experimental study 
is shown in Figure 23. Overall dimensions of the system are 60 cm x 60 cm x 45 cm. 
The power supply used in this system is provided by AC/DC converter that coverts 
the 230 V AC/ 4 A to DC 36 V 9.72 A as per the requirement of connected 
components. However, externally controlled DC power supply was connected to the 
laser apart from the system power supply.   
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3.3 Materials  
All the substrates are prepared using glass slides and main materials used in 
this research work are the two negative PR materials: All resist company product 
AR-N 4400-50 (CAR 44) and Micro resist company product mr-DWL_40. The 
below table summarizes briefly about the other process chemicals as well such as 
developer, and adhesion promoter used along with PR. 
Table 4: Photoresists and process chemicals  
AR-N 4400 - 50 (CAR 44) Negative Photoresist 
Adhesion promoter AR 300 – 80 
Developer AR 300 – 47 
Thinner AR 300 – 12 
Remover AR 600 – 70 
mr-DWL_40 Negative Photoresist 
Developer mr-Dev 600 
Remover mr-Rem 700 
   
Not all the process chemicals purchased from the company were used in the 
experimental tests. Thinner and remover were not used.    
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3.4 Methodology 
The research methodology adopted to study different parameters associated 
with maskless lithography system included both experimental and simulation 
approaches. The reason to carry out both experimental and simulation approaches is 
that to highlight the impact of variables using simulation which are difficult to be 
studied experimentally. A parametric study is carried out in order to see the impact of 
each parameter distinctly when others are kept constant. It is applied to both 
experimental and simulation approaches.    
3.4.1 Experimental Approach 
In the experimental section, the variables are categorized as primary and 
secondary variables. The primary variables observed are the focus spot diameter of 
the laser beam, velocity of the operating XY- linear stage, and the thickness of the 
negative PR material. The secondary variables under study are pre-bake timing, 
exposure intensity of laser (voltage input), post-bake timing, and development 
timing.   
The set values of primary variables are: 
1. The laser beam focused spot diameter = 
 
    
 = 
        
       
 = 0.24 µm 
[Theoretical value - minimum] 
2. Velocity of XY stage = 500 μm/s  
3. The thickness of spin coated AR-N 4400 PR layer = 35 µm [Figure 26 Spin 
coated at 2000 rpm] 
4. The thickness of spin coated mr-DWL PR layer = 40 µm [Figure 27 Spin 
coated at 2000 rpm for 30 sec] 
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The pre-baking and post-baking steps are done using a convection oven for 
AR-N 4400 PR as one case, but for mr-DWL, it is done using with hot plate, with 
convection oven, and without baking steps as three different cases.  
The secondary variables are studied with experiments by patterning straight 
line and measuring its width after the development process. The system input value 
for the line width is kept 10 µm and experimental convergence to the inputted line 
width is studied experimentally.  
As mr-DWL PR material was limited, all other studies were done using AR-
N 4400 PR like studying minimum line width, and impact of relaxation time is 
illustrated with comparing with case and without a case of 10 minutes of relaxation 
time. Further, a mathematical model is developed by observations achieved from 
AR-N 4400 PR experiments. 
Impact of UV laser intensity is reflected through changes in the input voltage 
based on the following relation: 
                                      
      (  )
     (   )
 
   
   
   
The input voltage, current utilized by the laser, and beam radius of 0.125 cm 
(as mentioned in Table 3) determine\ the value of intensity in W/cm
2
. Closely linear 
relationship of the input voltage and laser intensity is obtained as shown in Figure 24 
and Figure 25 for voltage ranges of 3.5 V to 4.9 V and 5 V to 6 V respectively.  
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Figure 24: Intensity and voltage relationship (3.5 V to 5 V) 
 
Figure 25: Intensity and voltage relationship (5 V to 6 V) 
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Figure 26: Spin curve of AR-N 4400-50   
 
Figure 27: Spin curve of mr-DWL_40 
The spin curves of two materials, AR-N 4400-50 and mr-DWL_40 are shown 
in Figure 26 and Figure 27 respectively. Two spin coating curves are shown for AR-
N 4400-50 and AR-N 4400-25 materials in Figure 26. As in this study, AR-N 4400-
50 was used, 2000 rpm was selected for spin coating layer thickness of 35 µm. On 
the other hand, two curves for mr-DWL_40 are provided for 30 s and 60 s spin 
coating time and one curve for mr-DWL_5 of 30 s spin coating time is provided. As 
35 µm thickness layer of 40 µm thickness layer was selected, spin coating of mr-
DWL_40 was done at 2000 rpm for 30 s.    
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3.4.1.1 Procedure 
Sample preparation takes eight steps including the final step of observing the 
sample under the microscope. The eight steps are illustrated in Figure 28 and 
explained below: 
1. Substrate pretreatment includes cleaning of the substrate surface by rinsing 
it with Methanol or IPA and then with nitrogen gas.   
2. The spin coating includes a coating of PR layer at particular rpm to get 
desired layer thickness on the substrate. Firstly, the substrate after 
pretreatment is place on the chuck and 2/3 of the area is poured with PR on 
the substrate. The required rpm and time of rotation are set and then the 
vacuum is operated to hold the substrate on the chuck. Spinner is started to 
complete the coating process. 
3. After spin coating, prebaking is carried out using hotplate or convection 
oven. Based on the prebaking temperature of the PR material, temperature 
and timings for prebaking are set.  
4. After the pre-baking step, next step is UV exposure which is a very 
important step because the desired pattern is generated at this step.  The 
desired pattern is generated on the substrate using direct UV laser writing. 
As we are using negative PR, the part of the substrate that is exposed to the 
UV light solidifies and the part of the substrate which is not allowed for UV 
exposure remains uncured.  
5. Again, the baking step is included after exposure, which is called Post 
Exposure Baking (PEB). In this step, the same baking unit is used as the 
pre-baking, however, the temperatures and time of baking may vary.  
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6. The next process is the development that is required to remove the uncured 
section of the substrate and it is done using a shaker to keep the shaking rpm 
constant at 30 rpm. This process includes dipping or bath of the substrate in 
development chemical (developer) for few minutes.  
7. Then the substrate is rinsed or dried to get ready for observation. In the case 
of AR-N 4400 PR, the substrate was rinsed with distilled water for 30 
seconds as recommended in the data sheet. Whereas, the substrates of mr-
DWL PR were dried using nitrogen gas.  
8. Finally, the substrate is observed under microscope and dimensions are 
noted down. (Details on preparing microfluidic device is shown in the 
graphical abstract in Figure 123 – Appendix) 
 
Figure 28: Steps for preparing pattern (mold) 
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3.4.2 Simulation Approach 
Apart from studying the system from experimental side, some of the 
simulation works have also been carried out using GenISys – lithography simulation 
software. The simulation work is intended to understand parameters of the system 
that can affect the photoresist curing because not all parameters can be 
experimentally viable. The GenISys – LAB module is used that includes layout 
generator and editor, option for defining mask types/data, option for defining stack 
(resist, coating, and substrate), type of exposure (Proximity/Projection/Laser beam/E-
beam), option for resist development, and doing analysis/calibration. Further, 2D/3D 
visualization options are also included just like any other simulation software.  
In the simulation section, a variable such as DOF was studied with respect to 
intensity variations. Further, the intensity profile for some cases is highlighted with a 
3D stack to visualize the quality of the line width produced. The simulation is done 
for positive PR and negative PR. Finally, development time is also simulated, 
however, due to time limitations prebake and PEB are not covered.      
3.4.2.1 Modelling  
The basic interface of the software is shown in Figure 29 that includes flow 
chart working tab shown on the top, module/log/error information tab shown below, 
and all the base modules and flow libraries on the left-hand side. Firstly, the layout is 
created, and in the simulation, the base module laser beam is used. The simulation 
data for the laser beam is provided based on direct laser writing system designed in 
this study. Other detailed steps for modelling are shown in this section.   
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Figure 29: LAB Simulation Interface  
Firstly, the layout of simple line with 10 µm width and length of 500 µm 
using ‘Edit’ option is created. The created layout is illustrated in Figure 30. As the 
objective was to observe the line width variation, length dimension is considered 
continuous. The layout is created using box and dimensions are edited through 
changing box properties in width and length.  
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Figure 30: Creating horizontal line layout  
After creating the layout, ‘Laser’ simulation tool is selected, and it is attached 
inflow to the ‘Edit’ option. Attaching inflow will allow merging created layout to 
‘Laser’ interface as shown in Figure 31. Once the tool is attached to a layout, all the 
settings of the region, stack, tool, simulation, and analysis can be made by inputting 
values. After the layout is connected to the tool, a region of interest is defined in 
terms of coordinates or could be inserted with cursor selection. The region of interest 
is highlighted with a blue square box of 40 µm x 40 µm dimension. 
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Figure 31: Defining region for analysis   
Next step is to add the PR material properties or use the library/ database of 
materials and modify the stack parameters. As shown in Figure 32, two parameters 
are to be defined: resist and substrate. In this study, the existed positive and negative 
photoresists are selected from the library.  
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The properties of negative PR were modified with respect to AR-N 4400 
properties. The layer thickness is also added to this section. As in experimental 
study, 35 µm spin coated layer was used at 2000 rpm, the same value is inserted for 
simulation. As glass substrate was used for all samples, SiO2 is selected.   
 
 
 
 
 
 
 
 
 
Figure 32: Defining stack and PR layer thickness   
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In addition to the layer thickness, the optical parameters are also edited. For 
negative PR simulation, the optical parameters are taken from the material data sheet. 
The value of Dill C (cm
2
/mJ) is kept as 0.0465 as shown in Figure 33 which is 
defined by the sensitivity of the AR-N 4400 PR 21.5 mJ/cm
2
. 
 
 
 
 
 
 
 
 
 
Figure 33: Defining stack and PR material optical data   
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Figure 34: Defining laser writing tool settings  
After setting up the material parameters, the laser tool parameters were 
modified as shown in Figure 34. As laser with the gaussian beam is used, Gauss 
option is selected. Similarly, the value for wavelength and NA are inserted as 405 nm 
and 0.85 respectively.  
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The pixel size, focus offset, and flare background setting were kept the 
default. For positive PR and negative PR, the exposure dosage was set as 50 mJ/cm
2
 
which was decided from required exposure dosage of AR-N 4400 PR from the 
material data sheet. Wafer parameter was selected. The Beam FWHM size is the 
width of the beam when intensity value is half of the peak intensity; however, the 
theoretical value of 240 nm was inserted assuming it is same as the focus spot size.  
The next step is to add the simulation parameters such as grids that in similar 
terms of meshing as shown in Figure 35. Grid X/Y ratio was kept 0.25 and grid Z 
ratio was kept 0.2. Region periodicity in x is chosen as non-periodic as the line 
length in the x direction is assumed to be continuous/infinity. Whereas in the y 
direction, the region is kept periodic because layout line boundaries are present. 
Other all parameters were kept as default.   
The final step is to set the analysis parameters as shown in Figure 36. All the 
options were selected: Arial Image, Bulk Image, PAC Image. Focus exposure matrix 
is analyzed in order to identify the variation with respect to exposure dosage and 
with respect to the depth of focus (DOF). The number of steps observed for exposure 
was 10 steps from 5 to 50 (mJ/cm
2
), whereas the number of steps observed for DOF 
was 8 steps from the top layer of the resist at -35 µm to 0 µm.  
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Figure 35: Defining simulation parameters  
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Figure 36: Defining analysis parameters  
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Figure 37: Section view (X-Z) of intensity distribution with respect to DOF 
(horizontal line layout) 
After inserting all parameters, the run option will appear with ‘Laser’ tool 
attached to ‘Edit’ option of the layout. Based on the number of steps and grid ratios 
inserted, the simulation time can vary. The results obtained for Focus Exposure 
Matrix are shown in Figure 37. The results can be viewed at different plans X-Y or 
X-Z or Y-Z. For this study, X-Y gives the top view and X-Z give the section view of 
the line patterned. Contour is shown from blue to red with increasing intensity for 
eight cases of DOF and increasing exposure from 5 to 50 (mJ/cm
2
).  
The same procedure is followed to simulate the positive PR and negative PR 
and results obtained are provided in the following chapter. However, the layout used 
is different as the line drawn is vertical, not horizontal as explained in methodology 
chapter.     
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3.5 Data Collection 
The main variable observed in the collection of experimental data is the line 
width dimension. Hence, after screening the produced line width under the 
microscope, the line width is measured and noted. In this manner, the experimental 
data is collected. The simulation data is collected in the form of figures of intensity 
distribution curves, exposure distribution contours, and 3D resist profiles.    
3.6 Data Analysis  
Experimental data were analyzed by using Microsoft Excel through graphical 
representation and images obtained from the microscope. To find optimum 
conditions, the target line width of 10µm is set and illustrated in graphs. The value of 
10 µm was set because from literature according to Horiuchi, Koyama, & Kobayashi 
(2015) the minimum achieved with one pixel was 14 µm, whereas target value of 
line width was set as 5.3 µm Ryoo, Kang, Song, & Hahn (2012). The convergence of 
experimental values to target value was analyzed. Data of two materials is analyzed 
separately. However, the minimum line width is analyzed using AR-N 4400 PR.  
3.7 Summary   
The experimental apparatus is consisting of a spin coater, hot plate/ oven, a 
maskless lithography system, shaker, and microscope. Maskless lithography system 
designed is consisting of UV laser of 405 nm and 0.85 NA. Both experimental and 
simulation approaches are adopted. Two negative PR materials AR-N 4400 and mr-
DWL_40 are tested experimentally. The main variables studied experimentally are 
prebake timing, post-bake timing, development timing and laser intensity. DOF, 
intensity distribution, and development timing are studied through simulation.   
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Chapter 4: Data Analysis and Results 
4.1 Overview  
The observations and figures obtained from analyzing experimental and 
simulation data are provided in this section of the report. Experimental results are 
categorized based on the PR materials tested using maskless lithography system. In 
the same manner, simulation results are divided into two categorized based on testing 
positive PR, and testing negative PR analyzed with the modelled maskless 
lithography process. Finally, results obtained to show the application of maskless 
lithography is illustrated with a microfluidic device.   
4.2 Experimental Results  
The experimental analysis provided a strong background about material 
processing and behavior of negative PR with respect to secondary variables studied. 
Experimental observations also assisted in developing the mathematical model.  
Pre-bake time selection is done with considering constant voltage supply for 
laser and constant post bake timing. Whereas, selection of post bake time is done by 
considering constant pre -bake time, and varying voltage with a decrement of 0.01 V 
for each case of post bake time. Finally, the development time is analyzed when it is 
decreasing or increasing.  Results for each PR are separately illustrated. For mr-
DWL PR, the results obtained using hot plate baking, using a convection oven, and 
without being divided. Analyzing the behavior of negative PR materials, the 
optimized process is summarized. In addition, the importance of relaxation time after 
post baking step is also highlighted experimentally.  
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4.2.1 Testing Photoresist (AR-N 4400) 
1. Pre-bake time selection  
For the first case, other variables are kept constant: Voltage – 4.5 V, 
post-bake – 10 mins, and developing time 2 to 3 mins. In the next case, the 
voltage was changed to 4.4 V and then at same parameters were repeated for 
different 10 cases of pre-bake timings from 5 mins to 50 mins. The pre-bake 
timing at which the line width observed closest to the target value is selected.  
 
Figure 38: Line width variation with respect to pre-bake timings 5 to 25 mins 
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The minimum line width of 14.76 µm closest to the target value of 10 µm is 
found at 5 minutes prebake and at 4.2 V as shown in Figure 38. As the pre-bake 
timing increased from 5 mins to 10 mins, the line width increased for all the voltage 
cases. On the other hand, the decrease in line width is observed when the pre-bake 
timings are further increased from 15 mins to 25 mins. Hence, more pre-bake cases 
were studied from 25 to 50 mins to observe line width closer to target value as 
illustrated in Figure 39. 
 
Figure 39: Line width variation with respect to pre-bake timings 30 to 50 mins 
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 A similar observation of the trend is noticed from Figure 39 and the closest 
line width to target value was noticed at 35 minutes of prebake time. The width of 
the line measured was 13.78 µm at 4.2 V as shown in Figure 39. Therefore, the pre-
bake timings are fixed at 35 minutes and now the other variables will be studied. As 
it is observed that voltage or exposure intensity supplied to the PR is a function of 
pre-bake timings, the selection of the voltage will be considered at the end after 
finalizing post-bake timing. The variables that will be kept constant are voltage 4.2 
V, 35 minutes of pre-bake timing, and development timing of 3 minutes. 
2. Post bake time selection  
Since post bake timings have a higher impact on the line width, starting from 
4.2 V and decrement of 0.01 V line width data was collected.  
 
Figure 40: Line width variation at 5, 10 and 15 minutes post bake timings 
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In Figure 40, three post bake timings are illustrated: 5, 10 and 15 minutes. As 
the post bake timing was kept constant at 10 minutes when studying prebake, 5, 10 
and 15 minutes cases of post bake are also studied in a similar manner. The 
minimum line width obtained for post bake case of 10 minutes was 12.83 µm at 4.19 
V. On the other hand, when the post bake time is increased to 15 minutes, minimum 
line width noticed was 17.7 µm, however at a voltage of 3.96 V. Observing the trend, 
it is clear that as the post bake time increases, required power or intensity of the laser 
decreases by the photoresist.  
 
Figure 41: Line width variation at 20 minutes post bake timing 
At the post bake step of 20 minutes, the minimum line width of 11.85 µm is 
obtained at 3.97 V also closer to the target value Figure 41. Moreover, the trend 
shows that line width is decreasing almost linearly from 4.06 V to 3.97 V with 
decreasing voltage supply.  
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Figure 42: Line width variation at 25 minutes post bake timing 
As shown in Figure 42, at the post bake step of 25 minutes, the minimum line 
width of 14.76 µm is obtained at 3.83 V also closer to the target value. The trend 
shows that line width is decreasing almost linearly from 3.88 V to 3.83 V with 
decreasing voltage supply.  
 
Figure 43: Line width variation at 30 minutes post bake timing 
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At the post bake step of 30 minutes, the minimum line width of 26.59 µm is 
obtained at 3.81 V with respect to the target value as shown in Figure 43. 
Furthermore, the trend shows that line width is decreasing almost linearly from 3.92 
V to 3.81 V with decreasing voltage supply. According to Figure 44, post baking 35 
minutes, the minimum line width of 30.57 µm is attained at 3.79 V with respect to 
the target value. In addition, the trend shows that line width is decreasing almost 
linearly from 3.89 V to 3.79 V with decreasing voltage supply. 
 
Figure 44: Line width variation at 35 minutes post bake timing 
Based on all the cases observed, a further increase in post bake time is not 
considered. As the post bake time is increased from 25 to 35 minutes, the minimum 
line width obtained increased from 14.76 µm to 30.57 µm. Hence, the selected post 
bake time is 20 minutes as the minimum line width obtained 11.85 µm was closest to 
target value and with respect to all the cases studied.  
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3. Studying Development Time 
It was noticed that developing time increased with increasing prebake and 
post bake timings.  However, it was observed that developing time increased at a 
higher rate from post bake than prebake. Increasing the prebake timing from 5 to 50 
minutes, the variation in development time was noticed in the range of 2 to 3 minutes 
as shown in Figure 45.  
On the other hand, when increasing the post bake timings from 5 to 35 
minutes, development time was increasing in the range of 3 to 7 minutes as 
illustrated in Figure 46.  
 
Figure 45: Changes in development time with respect to prebake timings   
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Figure 46: Changes in development time with respect to post-bake timings   
 
Figure 47: Changes in development time with respect to the thickness of coated 
layers   
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Further, with increasing the thickness of spin coated layers, developing time 
increased as observed from Figure 47. Prebake step is intended to prepare a proactive 
environment for the photoresist in order to get ready for exposure and crosslinking of 
the material. In contrast, post bake step is more towards strengthening the 
crosslinked region. Hence, the development time was increasing at a higher rate for 
post bake step than prebake. As removal of a large amount of coated material 
requires more time, development time was found increasing with increasing in 
thickness of the photoresist.  
4. Optimized Process 
The optimized set of variables required to manufacture using AR-N 4400 PR are: 
 Prebake time (85oC): 35 minutes 
 Exposure (Intensity or Input Voltage): 1.7 W/cm2 or 3.97 V  
 Post bake time (95oC): 20 minutes 
 Development Time: 5 minutes  
5. Checking Tolerance  
The tolerance limit of +/- is observed in terms of percentage error compared 
to the target value. The percentage error obtained for line width dimension studied 
during the optimized process is 18.5% and the calculations are as follows: 
% Error = |
                                      
                 
|       |
        
  
|      = 18.5% 
The experiment was repeated 3 times with same parameters and data obtained 
is illustrated below in Table 5 with percentage error calculations in comparison to the 
target value of 10 µm. In Figure 48, the respective microscope images are provided.   
74 
 
 
 
 
Table 5: Results of repeated experiments  
Sample Experimental Results % Error 
1 10.82 µm = |
        
  
|      = 8.2% 
2 8.856 µm = |
        
  
|      = 11.44% 
3 9.84 µm = |
       
  
|      = 1.6% 
 
 
Figure 48: Result of repeated experiments: Sample 1 (10.82 µm), Sample 2 (8.856 
µm), and Sample 3 (9.84 µm).   
10.82 µm 
8.856 µm 
9.84 µm 
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Variations in the line width are still observed after repeating the experiment 
three times. Such variations in dimensions are expected due to following reasons: 
 Temperature distribution in the oven.  
 The changes occurred in the orientation of the substrate placed during the 
developing process.  
 Not accurate temperature and humidity control as all experiments are done 
without cleanroom facility.  
4.2.2 Testing Photoresist (mr-DWL) 
The mr-DWL negative photoresist is studied with three different cases: using 
hot plate baking, using convection oven baking, and without using baking.  
A) Using hot plate baking  
1. Pre-bake time selection  
 
Figure 49: Line width variation at 4.2 V with respect to pre-bake timings 
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Initially, voltage, post bake, and development timings were kept constant as 
4.2 V, 2 mins, and 4 mins respectively.  The impact of variations in the prebake 
timings on line width is observed. As shown in Figure 49, with increasing pre-bake 
timings, the line width is increasing and closet to the target value, the line width of 
76.76 µm was achieved at 2 mins pre-baking. All next readings are taken with 
decrementing 0.1 V.    
 
Figure 50: Line width variation at 4.1 V with respect to pre-bake timings 
At 4.1 V, the closest line width obtained was 119.1 µm at 1 min pre-baking. 
However, at 2 mins and 3 mins, the line washed away. A similar trend is observed in 
Figure 51 and the closest line width of 12.45 µm occurs at 1 min pre-baking time.    
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Figure 51: Line width variation at 4.0 V with respect to pre-bake timings 
 
Figure 52: Line width variation at 3.9 V with respect to pre-bake timings 
On further decreasing the voltage, at 3.9 V, all the lines got washed away 
with development except for 5 minutes pre-baking as shown in Figure 52. From the 
analyzed cases of pre-bake study, the closest line width occurred at 4.0 V and at 1 
min pre-baking. For studying post baking timings, the voltage from 3.8 V to 4.2 V is 
examined.  
0
30
60
90
120
150
180
210
240
0 1 2 3 4 5 6
L
in
e 
w
id
th
 [
µ
m
] 
Pre-bake timing [Minutes] 
Impact of Pre-bake timings 
LW@Voltage [4.0V] TARGET
0
30
60
90
120
150
180
0 1 2 3 4 5 6
L
in
e 
w
id
th
 [
µ
m
] 
Pre-bake timing [Minutes] 
Impact of Pre-bake timings 
LW@Voltage [3.9V] TARGET
78 
 
 
 
 
2. Post bake time selection  
 
Figure 53: Line width variation at 1-minute post bake timing 
The pre-bake timing was kept constant as 1 min and line width variations are 
observed with each case of post bake timing with a decrement of 0.1 V. At 4.1 V and 
1 min of post bake, closest line width obtained was 111.2 µm as shown in Figure 53.   
 
Figure 54: Line width variation at 2 minutes post bake timing 
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By increasing the post bake time to 2 mins, the closest line width of 13.78 µm 
occurred at 4.0 V as shown in Figure 54. A similar trend is observed in Figure 55 that 
illustrates the post bake timing of 3 mins. However, the value of closest line width 
was 5.9 µm at 4.0 V. Comparing the 1 min and 2 mins post bake results, the line 
width decreased at 4.0 V. Whereas, line width increased at 4.1 V from 146.6 µm to 
170.2 µm and at 4.2 V from 191.9 µm to 198.9 µm.  
 
Figure 55: Line width variation at 3 minutes post bake timing 
A similar trend is observed when examining post bake timing of 4 mins in 
Figure 56 and the 5.9 µm line width is achieved at 3.9 V. The almost linear trend is 
seen, and the line quality is better as compared to 3 mins post baking.    
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Figure 56: Line width variation at 4 minutes post bake timing 
 
Figure 57: Line width variation at 5 minutes post bake timing 
When examining the 5 mins post bake timings as shown in Figure 57, there is 
a huge drop in line width with a decrement of 0.1 V from 4.1 V to 4.0 V. The closest 
line width to target value achieved is 7.87 µm. The percentage error with respect to 
the target value is 21.3%.   
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Using hot plate baking, mr-DWL PR material can be used with 1 min 
prebake, 5 mins post bake step, and 5 mins of development time.  
3. Optimized Process 
The optimized set of variables required to manufacture mr-DWL PR lines 
using hot plate baking steps are as follows: 
 Prebake time (50oC): 1 minute 
 Exposure (Intensity or Input Voltage): 1.668 W/cm2 or 3.9 V  
 Post bake time (50oC): 5 minutes 
 Development Time: 5 minutes  
Overall, the development timings did not vary much with respect to baking timing.  
B) Using convection oven baking  
1. Pre-bake time selection  
 
Figure 58: Line width variation at 4.7 V with respect to pre-bake timings 
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Figure 59: Line width of 295.2 µm at 15 minutes pre-bake timing 
An intial voltage of 4.7 V is assumed and kept constant with 5 mins of post 
bake timing to study the pre-bake timings as shown in Figure 58. The closest line 
width is produced at a 15 mins pre-bake with its quality illustrated in Figure 59. 
 
Figure 60: Line width variation at 4.6 V, 4.5 V, 4.4 V, and 4.3 V with respect to pre-
bake timings 
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Figure 61: Line width dimensions at different pre-bake timings  
The voltage is kept constant and with a decrement of 0.1 V line widths are 
recorded with different pre-bake timings as shown in Figure 60. The images of the 
closest line width obtained for each voltage studied are shown in Figure 61.  
 
Figure 62: Line width variation at 4.2 V and 4.1 V with respect to pre-bake timings 
     
Figure 63: Line width dimensions at different pre-bake timings  
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As shown in Figure 62, lines obtained closest to target value were 11.81 µm 
without pre-bake at 4.2 V, whereas 7.87 µm at 5 mins pre-bake, and 6.89 µm at 10 
mins pre-bake timings at 4.1 V. The images of the lines are shown in Figure 63. On 
further decreasing the voltage, all lines patterned washed away except for 25 mins 
and 30 mins pre-bake steps as shown in Figure 64. Therefore, the voltage is not 
further decreased, and post bake study is carried out.  
 
Figure 64: Line width variation at 4.0 V with respect to pre-bake timings 
2. Post bake time selection  
The 5 mins pre-bake time is kept constant and post bake timings are 
studied. In Figure 65, the post bake steps of 5 mins and 10 mins are illustrated 
with voltage variations from 3.9 V to 4.1 V. All the lines patterned at 5 mins 
post bake washed away and closest line width of 4.92 µm is obtained at 4.0 V 
and 10 mins of post baking.    
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Figure 65: Line width variation at 5 and 10 minutes post bake timings 
On increasing the post baking timing to 15 mins, the line width is attained at 
a lower voltage of 3.9 V and the quality of the line is shown in Figure 66. A linear 
trend is observed over the voltage range of 3.9 V to 4.1 V.  
  
Figure 66: Line width variation at 15 minutes post bake timing 
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Figure 67: Line width variation at 20 and 25 minutes post bake timings 
Similarly, the linear trend is observed in the voltage range of 3.9 V to 4.1 V 
as shown in Figure 67. On further increasing the timings of post bake, the 
convergence to lower dimensions is observed, but away from the target value. 
Overall, when using a convection oven for baking steps, the quality of line width was 
better compared hot plate. Line widths obtained closer to target value were 11.81 µm 
at 4.2 V without pre-bake step and 5 mins post bake, 7.87 µm at 4.1 V with 5 mins 
prebake and 5 mins post bake, 6.89 µm at 4.1 V with10 mins pre-bake and 5 mins 
post bake. The percentage errors of 11.81 µm, 7.87 µm, and 6.89 µm in comparison 
to target value were 18.1%, 21.3%, and 31.1% respectively. When selecting the post 
bake timings, at 5 mins prebake and 5 mins post bake, line width obtained was 4.92 
µm. Similarly, at 5 mins prebake and 10 mins post bake, line width obtained was 4.9 
µm. It was observed that this material is very sensitive and crosslinking after 
exposure is very effective towards the edges contributing to swelling of the line 
width at a higher rate. Hence, this PR material was examined for the third case of 
testing without any baking steps to observe the behavior.  
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3. Optimized Process 
The optimized set of variables required to manufacture mr-DWL PR lines 
using convection oven baking steps are as follows: 
 Prebake time (50oC): No required  
 Exposure (Intensity or Input Voltage): 1.88 W/cm2 or 4.2 V  
 Post bake time (50oC): 5 minutes 
 Development Time: 5 minutes  
Overall, the development timings did not vary much with respect to baking timing.  
C) Without baking steps 
According to the material datasheet, this material needs exposure dosage 
in the range of 400 to 600 mJ/cm
2
. After studying the cases of the hot plate and 
convection oven baking, it is understood that low exposure dosage was required 
less than 100 mJ/cm
2
. However, a higher voltage of 5.8 V was selected to ensure 
higher laser intensity is applied closely to 5.55 W/cm
2
.  In order to analyze 
without any baking steps, the data is collected by decreasing the voltage with a 
0.01 V decrement from 5.8 V until the line width is washed away. Further, the 
data is analyzed for three cases of spin coated layers. The PR layer thicknesses of 
28 µm, 40 µm, and 90 µm were prepared by spin coating mr-DWL PR at 3000, 
2000, and 1000 respectively and analyzed separately. In addition, the impact of 
velocity is observed at a constant voltage. The data of line width variation with 
velocity is analyzed by curve fitting represented by relationship (equation). This 
equation can be marked as a reference to input velocity of the stage and line 
width dimension.  
88 
 
 
 
 
1. Line width variations with laser intensity at 28 µm.  
 
Figure 68: Line width variation with intensity at 28 µm spin coated layer 
2. Line width variations with stage velocity at 28 µm. 
 
Figure 69: Line width variation with stage velocity at 28 µm spin coated layer 
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According to Figure 68, the variations in the line width are linear from 5.4 V 
to 5.61 V, but there is slight drop at 5.5 V and 5.62 V. The rapid increase in line 
width with the linear relationship is observed from 5.63 V to 5.69 V and 5.7 V to 
5.79 V. However, the line width drop is observed from decrement of 0.01V from 
5.69 V to 5.7 V and from 5.79 V to 5.8 V. The best quality line produced is 
illustrated in Figure 68 at 5.55 V and this voltage is kept constant for studying the 
line width variation with velocity.  
The variations in the stage velocity are studied with an increment of 83.35 
μm/s to a maximum velocity of 833.5 μm/s. The increase in velocity had a strong 
impact on decreasing the line width from 83.35 μm/s to 166.7 μm/s; however, from 
250 μm/s to 833.5 μm/s, a decrease in line width is gradual as shown in Figure 69. 
The relationship between line width and stage velocity was found as decreasing 
power function, y (µm) = 3596.8 x (μm/s) – 0.928.  
3. Line width variations with laser intensity at 40 µm.  
 
Figure 70: Line width variation with intensity at 40 µm spin coated layer 
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Overall, the line width is increased from 5.4 V to 5.8 V as shown in Figure 
70. However, the line width decreased slightly and becoming stable from 5.52 V to 
5.58 V. Also, the line width decreased from 5.75 V to 5.8 V.  
The voltage of 5.58 V is selected where the line width was observed stable 
for studying the velocity. The results obtained from the velocity study are shown in 
Figure 71; the obtained values fit the decreasing exponential curve precisely 
according to the relationship: y (µm) = 388.13 e 
– 0.032 x
 
(μm/s)
.   
4. Line width variations with stage velocity at 40 µm. 
 
Figure 71: Line width variation with stage velocity at 40 µm spin coated layer 
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5. Line width variations with laser intensity at 90 µm.  
 
Figure 72: Line width variation with intensity at 90 µm spin coated layer 
6. Line width variations with stage velocity at 90 µm. 
 
Figure 73: Line width variation with stage velocity at 90 µm spin coated layer 
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Overall, the line width is increasing from 5.51 V to 5.8 V as shown in Figure 
72, but there are some instances where line width drop is observed. The line width 
decreased from 5.58 V to 5.6 V and 5.7 V to 5.73 V.  
The rapid increase in the linewidth is observed from 5.73 V to 5.8 V. Image 
of one of the sample is attached in Figure 72 to illustrate the quality of line width 
produced. The voltage was kept constant at 5.63 V to study the impact of stage 
velocity and the results obtained are illustrated in Figure 73. The data fits precisely 
with the decreasing power function relationship, y (µm) = 1889.2 x (μm/s) – 0.728. 
The development was done for 5 minutes. The quality of line width produced 
without baking steps is very good in comparison; however, the changes in line width 
are considered irrespective of target line width. As three thickness and different 
velocities are tested, this data can be represented as a reference for future research.  
4.2.3 Minimum Line Width  
The negative PR material used for studying minimum line width was AR-N 
4400. The experimental tests conducted for achieving minimum line width consisted 
same procedure as mentioned in the optimized process section. The only difference 
made was in the G-Code and path of operation of the laser. The path of operation 
was made keeping the line width zero. Hence, the maskless lithography system was 
instructed to move linearly as shown in below Figure 74 from point A to B and back 
B to A.  
 
Figure 74: Schematic of line shape 
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The minimum line width was tested on two thicknesses of PR substrates at 
2000 rpm and 4000 rpm. The spin coated layer thickness is nearly 35 µm at 2000 
rpm and nearly 20 µm at 4000 rpm. The results obtained in terms of line width 
dimensions for both layers are shown below: 
Table 6: Results obtained for minimum line width 
Sample  Line width (µm) for 35 µm layer 
thickness 
Line width (µm) for 20 
µm layer thickness 
1 5.904 4.92 
2 3.936 5.017 
3 6.888 3.936 
 
It was expected that minimum line width will be achieved from 20 µm spin 
coated layer. The minimum line width achieved in both cases is 3.94 µm. However, 
the deviation in the line width is observed higher in the 35 µm and lower in 20 µm 
spin coated layer. The pictures taken by means stereomicroscope are provided in the 
below Figure 75.  
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Figure 75: Results obtained for minimum line width 
4.2.4 Testing Different Shapes  
Different shapes are tested to see if any changes are noticed.  As AR-N 4400 
was used, same optimized conditions were used to test T – Shaped and U – Shaped 
Structures. All line dimensions inputted for the shapes in the system were 20 µm. 
The experimental results obtained for each shape are discussed by means of 
following figures.    
3.936 µm 
4.92 µm 
5.968 µm 
5.904 µm 
3.936 µm 
3.936 µm 
7.872 µm 
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Figure 76: T-shaped design  
The dimensions of three lines measured in Figure 76 were 26.57 µm, 22.63 
µm, and 22.63 µm which accounts for a percentage error of 32.85%, 13.15%, and 
13.15% respectively.  
  
Figure 77: U-shaped design  
The dimensions of three lines measured in Figure 77 were 21.65 µm, 16.73 
µm, and 21.67 µm which accounts for a percentage error of 8.25%, 16.35%, and 
8.35% respectively.  
 
 
26.7 µm 
22.63 µm 
22.63 µm 
21.65 µm 21.67 µm 
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4.2.5 Complex Shapes 
Two complex patterns were manufactured for microfluidic mixing 
applications as shown in Figure 78 and Figure 79. Both the designs were prepared 
using mr-DWL PR material.   
 
 
Figure 78: Transverse mixing microfluidic device  
 
 
Figure 79: Two inlet mixing microfluidic device  
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4.2.6 Importance of Relaxation Time 
In this section, the significance of relaxation time is highlighted by testing 
AR-N 4400 PR material. The relaxation time studied is observed after the post bake 
step. It is noticed that relaxation time plays an important role in controlling 
development as well as bonding strength of photoresist and substrate. The results 
obtained with and without relaxation time are shown below: 
 
Figure 80: Studying relaxation time   
By increasing the relaxation time, lower exposure limits can be achieved to 
obtain the target value of line width. The slope of the curve obtained with 10 minutes 
relaxation is lower than without the case. At 3.98 V, 57.07 µm line width was 
obtained with 10 minutes of relaxation whereas at the same voltage, without 
relaxation 21.65 µm was achieved. This indicates that with relaxation lower voltages 
can be used, however compensating the time of relaxation to overall production time.     
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4.2.7 Mathematical Model 
Mathematical modelling is considered to be analyzed under experimental 
section because the model is made based on experimental observations. This model 
is developed based on the dimension analysis of the physical quantities and the 
relationship of each quantity with respect to the line width (LW) by applying 
Buckingham Method. Mainly three main physical quantities are assumed to be 
associated with this model: laser power (P), density of the photoresist (ρ), and post 
bake timing (t post).  
The relationship of these three variables with respect to line width is observed 
from experimental results. As the laser power increases or the post bake timing 
increases, the line width is increasing. For density, it is assumed that increase in 
density causes decrease in the line width. This assumption is made based on spin 
coating concept. A higher density photoresist, when rotated at same rpm compared to 
lower density photoresist, will produce thicker coated layer. From experimental 
results, it was clear that at higher thickness layers line width decreases. Hence, it can 
be concluded density is inversely proportional to the line width. Firstly, simplifying 
all the physical quantities in terms of basic quantities of Mass (M), Length (L), and 
Time (T). 
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According to proportionality,  
LW Հ  P
a
  
LW Հ  1/ρ 
b
 
LW Հ  t 
c 
post 
    [ 
        ], where ‘K’ is a constant.  
In order to find the power constants a, b, and c, the equation can be rewritten as the 
following: 
[M]
0
[L]
1
[T]
0
 = ([M]
1
[L]
2
[T]
-3
) 
a
. ([M]
1
[L]
-3
[T]
0
) 
– b
. ([M]
0
[L]
0
[T]
1
) 
c
 
[M]
0
[L]
1
[T]
0
 = [M] 
a – b
. [L] 
2a + 3b
. [T] 
– 3a + c 
 
Equating both sides, three equations of a, b, and c are obtained: 
a – b = 0  Implicates, a = b  
2a + 3b = 1  Implicates, 2b + 3b = 1, b = 1/5 and a = 1/5 
– 3a + c = 0 Implicates, c = 3a, c = 3/5 
Therefore, LW is given by: 
    [ 
              ] 
     √
    
 
  
 
 
The value of constant, K is select based on the wavelength of laser beam and 
numerical aperture used, i.e. K = λ/NA = 0.405/0.85 = 0.476471 µm.  
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Other constants density of the material (ρ) and post bake timings (t) are 
selected as 1121.84 kg/m
3
 and 1200 seconds respectively. The calculated density and 
post bake timings of AR-N 4400 PR material is selected. Plotting the line width (LW) 
with respect to voltage variations has the following trend: 
 
Figure 81: Line width mathematical model   
The line width values obtained from a mathematical model from 2 V to 5 V 
are not reassembling the experimental values because at lower voltages the line 
width is not obtained. However, in the model, from 2 V onwards the line width is 
obtained. Hence, the modification and validation of this model will be considered in 
future studies.  
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4.3 Simulation Results  
 
Figure 82: Creating vertical line layout  
As shown in Figure 82, the vertical line layout is used for simulation to 
observe the intensity variation through the width of the line.  
4.3.1 Testing Positive PR 
 
Figure 83: Intensity distribution with respect to DOF (vertical line) 
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In this section, the results obtained from testing positive PR material are 
provided. The focus exposure matrix was analyzed as mentioned in the methodology. 
The maximum intensity was noticed at 50 mJ/cm
2
 dosage and 10 µm as shown in 
Figure 83. For all cases of DOF and at dosages 5, 10, and 15 mJ/cm
2
, intensity 
curves have less peak value or almost no peak value as shown in Figure 84.    
 
Figure 84: Intensity curves with respect to DOF (vertical line) 
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Figure 85: Intensity curves with respect to DOF of 5, 10 and 15 µm  
At 5, 10, and 15 µm DOF cases, the peak value and intensity profile growth 
was observed with increasing exposure dosage as shown in Figure 85. Also, well 
developed intensity profiles were observed for exposure dosages greater than 35 
mJ/cm
2
 according to Figure 86. The intensity profiles were well explained form both 
Figure 86 and Figure 87.   
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Figure 86: Top view (X-Y) of intensity distribution at 40, 45 and 50 mJ/cm
2
 
 
Figure 87: Section view (X-Z) of intensity distribution at 40, 45 and 50 mJ/cm
2
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As shown in Figure 87, for 5 µm DOF, the peak value of intensity was 
distributed mostly in the center of the intensity profile. In contrast, for 10 µm DOF, 
the distribution was more stable and peak value was distributed almost through the 
line width. For 15 µm DOF, the distribution was gradually decreasing towards the 
edges. In order to analyze the cases with stable intensity profile at 10 µm DOF, 
further case analysis was provided in the following figures in which the top and 
section views were provided along with intensity profile as well as the peak value of 
intensity.         
 
Figure 88: Top view (X-Y) of intensity distribution at 50 mJ/cm
2
 and 10 µm DOF 
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Figure 89: Section view (X-Z) of intensity distribution at 50 mJ/cm
2
 and 10 µm DOF 
 
Figure 90: Top view (X-Y) of intensity distribution at 45 mJ/cm
2
 and 10 µm DOF 
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Figure 91: Section view (X-Z) of intensity distribution at 45 mJ/cm
2
 and 10 µm DOF 
According to Figure 88 and Figure 89, the peak value of intensity was 
correspondingly 42 mJ/cm
2
 at 50 mJ/cm
2
 dosage. Similarly, the peak value of 
intensity was correspondingly 37.8 mJ/cm
2
 at 45 mJ/cm
2
 dosage as shown in Figure 
90 and Figure 91.  
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4.3.2 Testing Negative PR 
 
Figure 92: Intensity distribution with respect to DOF (vertical line) 
More options of viewing the focus exposure matrix were explored when 
testing negative PR material. The exposure matrix without drawn layout is show in 
Figure 92, and with layout it is shown in Figure 93. This option assisted in analyzing 
the intensity distribution with respect to edges of the line.  
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Figure 93: Intensity distribution with respect to DOF (vertical line layout) 
 
Figure 94: Intensity curves with respect to DOF (vertical line) 
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Figure 95: Intensity curves with respect to DOF (vertical line layout) 
According to Figure 94, the peak value of intensity was very less or almost no 
peak value was observed among exposure dosages of 5, and 10 mJ/cm
2
 for all DOF 
cases. At DOF of 25, 30, and 35 µm, the intensity profiles had sharp peaks compared 
to other cases. Further, intensity was distributed beyond region of line layout as 
shown in the Figure 95. As DOF was decreasing, intensity profile was growing stable 
towards line edges.     
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Figure 96: Section view (X-Z) of intensity distribution with respect to DOF 
The analysis of section view provided in Figure 96 shows that intensity was 
distributed with different magnitude spatially through the volume with respect to 
DOF. This aspect is crucial in determining the quality of line width produced, 
strength of the bond with substrate, and structural strength which contributes to 
durability. Growth of intensity profiles were gradual for all cases with respect to 
increasing exposure dosage as shown in Figure 97. Moreover, at DOF 10 and 15 µm, 
distribution towards the edges was seen stable.  
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Figure 97: Top view (X-Y) of intensity distribution at 35, 40, 45 and 50 mJ/cm
2
 
 
Figure 98: Top view (X-Y) of intensity distribution at 40, 45 and 50 mJ/cm
2
 
113 
 
 
 
 
The cases highlighted in the observation window in Figure 98 are the cases 
that had well developed intensity profiles. The cases of DOF 10, and 15 µm were 
analyzed to obtain 3D stacks because at these DOF, spatial distribution of intensity 
was observed almost symmetrical through the depth as shown in Figure 99. First 15 
µm cases, and then 10 µm cases were analyzed.  
 
Figure 99: Section view (X-Z) of intensity distribution at 40, 45 and 50 mJ/cm
2
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Figure 100: Top view (X-Y) of intensity distribution at 40 mJ/cm
2
 and 15 µm DOF 
 
Figure 101: 3D Line stack at 40 mJ/cm
2
 and 15 µm DOF 
At exposure dosage of 40 mJ/cm
2
 and 15 µm, the peak value of intensity was 
correspondingly 36.16 mJ/cm
2
 as shown in Figure 100. According to Figure 101, the 
structure of 3D stack shows that edges were not uniform throughout the depth as the 
structure is little nuzzled below the mid-span through depth.      
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Figure 102: Top view (X-Y) of intensity distribution at 45 mJ/cm
2
 and 15 µm DOF 
 
Figure 103: Section view (X-Z) of intensity distribution at 45 mJ/cm
2
 and 15 µm 
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As the exposure got increased to 45 mJ/cm
2
 at 15 µm, the peak value of the 
intensity increased correspondingly to 40.76 mJ/cm
2
 as shown in Figure 102. 
According to Figure 103, the intensity distribution increased in the volume noticed 
from the contour. Henceforth, this affected the quality of line width as observed from 
the 3D stack that edges became more uniform through the depth in accordance with 
Figure 104.  
 
Figure 104: 3D Line stack at 45 mJ/cm
2
 and 15 µm DOF 
 
Figure 105: Top view (X-Y) of intensity distribution at 50 mJ/cm
2
 and 15 µm DOF 
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At maximum exposure dosage of 50 mJ/cm
2
 and 15 µm DOF, the peak value 
of intensity was correspondingly 46.35 mJ/cm
2
 as shown in Figure 105. The intensity 
distributed through the volume was almost symmetric with respect to mid-span of the 
depth as shown in Figure 106. However, structure of the 3D stack uniform 
throughout the depth except the top region which looks little tapered as shown in 
Figure 107.   
 
Figure 106: Section view (X-Z) of intensity distribution at 50 mJ/cm
2
 and 15 µm 
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Figure 107: 3D Line stack at 50 mJ/cm
2
 and 15 µm DOF 
Analyzing the cases of 10 µm DOF, it was found that maximum intensity 
distributed was above the mid-span of the depth as shown in the section view of 
Figure 99. At 40 mJ/cm
2
 exposure dosage, the peak value of intensity found 
correspondingly was 35.28 mJ/cm
2
 as shown in Figure 108.  
 
Figure 108: Top view (X-Y) of intensity distribution at 40 mJ/cm
2
 and 10 µm DOF 
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Figure 109: Section view (X-Z) of intensity distribution at 40 mJ/cm
2
 and 10 µm 
DOF 
Observing the 3D stack in Figure 110, the line edges were almost uniform 
through the depth. Because peak value of intensity was distributed stably towards the 
edges, the width was having less tolerance through the depth.     
 
Figure 110: 3D Line stack at 40 mJ/cm
2
 and 10 µm DOF 
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Figure 111: Top view (X-Y) of intensity distribution at 45 mJ/cm
2
 and 10 µm DOF 
Similar intensity distribution was observed with increasing the exposure 
dosage to 45 mJ/cm
2
 at 10 µm DOF. The peak value of intensity was 
correspondingly found as 39.23 mJ/cm
2
 as shown in Figure 111. In addition, the 3D 
stack had uniform edges through the depth until the lower region and lower region 
was having little contraction as shown in Figure 112.     
 
Figure 112: 3D Line stack at 45 mJ/cm
2
 and 10 µm DOF 
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Figure 113: Top view (X-Y) of intensity distribution at 50 mJ/cm
2
 and 10 µm DOF 
On further increasing the exposure to 50 mJ/cm
2
, the peak value of intensity 
profile was found correspondingly as 43.42 mJ/cm
2
 as shown in Figure 113. A 
similar issue was noticed with the structure of 3D stack. According to Figure 114, the 
contraction of lower region was more compared to 45 mJ/cm
2
 exposure dosage case.     
 
Figure 114: 3D Line stack at 50 mJ/cm
2
 and 10 µm DOF 
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Using GenISys simulation software, the impact of exposure dosage and DOF 
were examined effectively because the focus exposure matrix provided cases in 
organized manner. Further, the intensity distribution profile and 3D stack added more 
details to analyze the quality of line width produced.  
For positive PR resist tested, stable intensity profile was developed at 10 µm 
DOF, whereas for negative PR resist tested, it was at both 10 µm and 15 µm DOF. 
For negative PR, the well-developed 3D stacks were observed at 45 mJ/cm
2
 and 50 
mJ/cm
2
 at 15 µm. 
4.3.3 Simulating PR Development  
The vertical layout used for negative PR testing was used for simulating 
development process. Further, the time for development is decided based on the 
experimental data of AR-N 4400, i.e. 300 seconds. The ‘Resist’ simulation tool was 
used to study the development process. Among four resist models, Mack 4 model 
was used. The results were analyzed by top and section views. 
The development step shown in simulation consists of the region that washed 
away the resist completely and region that could not be developed completely. 
Hence, two extreme magnitudes are illustrated as shown in Figure 115 and Figure 
116. The washed away region is shown by red and remaining region is shown by 
blue contours. From observation, Mack 4 Model of resist is examining the 3D stack 
of photoresist fixed in space and applying boundary conditions for the development 
process.  
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Figure 115: Development simulation for 300 seconds (X-Y) 
 
Figure 116: Development simulation for 300 seconds (X-Z) 
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It can be perceived from cases of exposure dosage 5 mJ/cm
2
 that base is 
washed away, however, the top region is still stationary in space. This also indicates 
that the resist model also considers intensity distribution and PR adhesion to the 
substrate. As the DOF is increasing, the developed region is also increasing. For all 
cases of DOF 25, 30, and 35 µm, the region not developed was more because the 
intensity distribution was beyond the edges as observed from Figure 92. Since the 
resist model considers the intensity distribution in the stack, most of the region did 
not wash away due to more dispersion of exposure beyond the line edges.      
4.4 Application 
As this research work engrossed on highlighting maskless lithography for 
microfluidics, a PDMS device was fabricated and tested for focused flow. The design 
of the device is shown in Figure 117.  
 
Figure 117: PDMS focusing device 
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Figure 118: Focused flow of particles 
The image of testing the device with particles under focused flow is shown in 
Figure 118. (More details on preparing PDMS device is provided in Figure 123) 
4.5 Cost Analysis of System  
The analysis is provided in Table 7 with respect to the cost associated with 
required components, materials used, and miscellaneous cost. The cost analysis is 
carried out to provide an estimated cost of building one direct laser writing 
lithography system. Therefore, it requires nearly AED 4,800 to make one maskless 
lithography system for small scale research works.  
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Table 7: Cost analysis  
 Items  Cost (AED) 
1 Power Supply for stepper motors [x1]                                                             
(AC/DC convertor – 230VAC/ 4A to DC 36V/ 9.72 A)  
400
2 Stepper motors [x2] (NEMA 23) 200 x 2 
3 Screw, slider and casing [x2] 400 x 2  
4 Stepper motors drivers [x2] 100 x 2 
5 Mach3 controller chip and software [x1] 300 
6 UV Laser diode 405nm and 0.85NA [x3] (two backup) 100 x 3 
7 External digital adjustable DC power supply for laser [x1]   1000 
8 Acrylic sheet 6mm [x1] (for base and laser head support)  200 
9 Aluminum sheet [x1] (for cover) 400 
10 Labor cost (workshop machining: cutting, welding etc.)  300 
11 Miscellaneous (wires, switches, tapes, connections etc.)  500 
 Total 4800 
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4.6 Summary  
The experimental work covered optimization processes of patterning using 
two negative photoresist materials. For AR-N 4400 PR material, the optimized 
process of production includes 35 minutes of pre-baking at 85
o
C, exposure dosage of 
1.7 W/cm
2
, 20 minutes of post baking at 95
o
C, and 5 minutes of development. The 
tolerance was examined with percentage error and on repeating three samples, the 
minimum tolerance was 1.6% and maximum tolerance was 18.5% with respect to the 
target value. As mr-DWL PR material was studied with three cases with hot plate, 
with convection oven, and without baking steps. Using a hot plate, the optimized 
process includes 1 minute of pre-baking at 50
o
C, exposure dosage of 1.668 W/cm
2
, 5 
minutes of post baking at 50
o
C, and 5 minutes of development. Using convection 
oven, the optimized process includes no pre-baking, exposure dosage of 1.88 W/cm
2
, 
5 minutes of post baking at 50
o
C, and 5 minutes of development. For without baking, 
same development time was maintained. The quality of line width was good for 
without case. The simulation results illustrated the impact of DOF and exposure on 
the line width. Positive PR resist had stable intensity profile at 10 µm DOF. Negative 
PR resist had stable intensity profile at both 10 µm and 15 µm DOF. The total cost 
associated with building one direct laser writing system is AED 4,800.  
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Chapter 5: Findings and Discussion 
 
Important factors for building the direct writing laser system are selection of 
laser wavelength, deciding the characteristic length of the lead screw, and stepper 
motors. Wavelength selection matters if the application is using deep UV lithography 
or near UV lithography (Kim, So, Yao, Liu, & Rho, 2016). There are three UV light 
spectrum lines i-line, h-line, and g-line which correspond to UV wavelengths 365 
nm, 405 nm, and 436 nm respectively (Wang & Soper, 2006). As photoresist 
material is made suitable to a particular wavelength or wavelength range, material 
cross-linking takes place with the application of the same wavelength or within that 
range of wavelength. Prior to selection of wavelength, the photoresist material must 
be selected, and its wavelength requirements must be noted for laser wavelength 
selection. In this study, 405 nm wavelength UV laser was selected as it served for 
lithography application for mr-DWL and AR-N 4400 negative photoresist materials. 
The wavelength requirement of mr-DWL negative photoresist material was 405 nm. 
Whereas, AR-N 4400 photoresist material had a suitable range of wavelength 
requirement that is in range of 250 nm to 436 nm. Hence, these materials were 
selected and tested. Based on the dimensions of the silicon wafer of 3.5 inches, the 
length of the lead screw was decided. It is crucial to add this factor to the 
specification to ensure the XY linear stage can cover the complete area of same 
under its safe working space. In this study, lead screw length of 18 cm was selected 
to accommodate writing region of the sample (3.5’’ x 3.5’’). Even though the 
expected sample is expected to less weight of about few grams, required torque is 
determined by considering moving load of 50 N to select the stepper motor.  
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As required torque of 1.49 Nm was calculated, NEMA 23 stepper motors 
were selected. NEMA 23 stepper motor offers a maximum torque of 1.8 Nm which 
was considered significant to incorporate. Each step of this motor takes 1.8 degrees 
of rotation and that constitutes about 200 steps in one rotation. By the use of micro 
stepper motor drivers, the number of steps was increased by 256 times. That 
minimized the step size contributing to linear motion of the lead screw. Hence, one 
step moved the stage 0.1 µm of distance and complete one rotation of the motor shaft 
induced linear motion of 5 mm. The maximum linear stage velocity was found to be 
833.5 µm/s. The Mach3 software interface was used to control the experimental 
apparatus and run the G-Code. The control over the stage velocity in this software 
was provided in terms of units/s from a range of 0 to 50 units/s. However, these units 
were corresponding equivalent values of the linear stage in terms of µm/s as on unit 
was found to be equivalent to 16.67 µm/s. Actually, this equivalent unit was 
determined experimentally after the system was ready to test by drawing a line of 1 
mm with 30 units/s (software interface input value). It took two seconds to laser 
write 1 mm length of line which indicated that 30 units/s is corresponding to 0.5 
mm/s or 500 µm/s. Hence, the writing velocity was adjustable anywhere between 0 
to 833.5 μm/s. 
In this study, the cost effective direct writing laser system was built with 
AED 4800 ($ 1307). The low cost maskless lithography systems perceived from the 
literature were built in $ 955, € 3,500, and $ 5000. The equivalent amount in AED is 
nearly 3500, 14,920, and 18,360 respectively based on current rate. Cost wise 
comparison shows that AED 4800 is 137.14% of $ 955, 32.17% of € 3,500, and 
26.14% of $ 5000. Therefore, the direct writing laser system build for experimental 
work in this study is considered to cost-effective.   
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According to Pinto, Sousa, Cardoso, & Minas (2014), optimizing the process 
parameters such as pre-bake time, exposure time, post bake time, and development 
time are essential as these parameters impact the line width with respect to the 
thickness of the coated PR material. Hence, optimization of process parameters was 
carried out.  
The optimized process of manufacturing microstructures using AR-N 4400 
PR material consisted of 35 minutes pre-bake (oven) at 85
o
C, exposure of 1.7 
W/cm
2
, 20 minutes post bake (oven) at 95
o
C, and 5 minutes of development time. On 
the other hand, it required 1-minute of pre-bake (hot plate) at 50
o
C, exposure of 
1.668 W/cm
2
, 5 minutes post bake (hot plate) at 50
o
C, and 5 minutes of development 
time for preparing microstructures using mr-DWL PR material. For same material 
using oven baking steps, optimized process consisted of no pre-bake step, exposure 
of 1.88 W/cm
2
, 5 minutes post bake (oven) at 50
o
C, and 5 minutes of development 
time. AR-N 4400 PR took more time for manufacturing compared to mr-DWL PR. 
The practical implication of optimizing is that the direct writing laser system can be 
used with same process parameters to obtain line width with precise dimensions in 
accordance to Yiyong & Guoguang (2008). The additional case studied without 
baking steps for mr-DWL PR material can also be considered for reducing 
manufacturing time dramatically. To manufacture line with same or similar 
dimensions in future, same intensity and stage velocity studied experimentally can be 
taken for reference.  
 
 
131 
 
 
 
 
Overall, the experimental results showed that with increasing exposure 
dosage, the line width increased. However, in some ranges of voltage the line width 
was found stable and, in some ranges, it decreased. In range of voltage where line 
width was stable had a better quality of line produced. A similar observation is 
referred by Yiyong & Guoguang (2008) that with increasing exposure dosage, the 
line width increased, but the quality was better for certain range of exposure.  
Observing from laser point of view, with the increase of current, a shift in 
longitudinal mode is observed which slightly triggers a jump in emitted wavelength. 
This phenomenon is referred to as Mode Hopping and commonly observed in the 
laser diodes (Yılmazlar & Sabuncu, 2015). In addition, it adheres with fluctuation in 
the intensity of laser and common reasons to mod hooping are due to change in 
operating temperature and variations in current supply (Pralgauskaitė et al., 2013). 
These factors contributed to the fluctuations in the increase trends of line width with 
increasing intensity of the laser.  
Moreover, this study found that by increasing the stage velocity, it was found 
that line width decreases. A similar trend is observed from results obtained by 
Lafratta, Simoska, Pelse, Weng, & Ingram (2015). The minimum line width obtained 
was 3.94 µm and complex shapes were also produced to show the system 
competences. The minimum line width of 3.94 µm was achieved using AR-N 4400 
negative PR material, and it was observed that with decreasing the spin coated layer 
thickness negative PR the error was minimized.  
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The simulation study carried out using GenISys LAB simulation software 
was effective in providing the intensity distribution profile in the resist. The focus 
exposure matrix illustrated organized cases of different DOF and exposure according 
to provided number of steps. The option of 3D stack visualization after simulation 
significantly provided a 3D profile of line width produced. The simulation results 
showed that positive PR material had stable intensity distribution profile at 10 µm 
with 35 µm resist thickness, whereas negative PR material had it for both 10 µm and 
15 µm DOF cases with 35 µm resist thickness.  
In all cases, the peak value of intensity increased in the resist with increasing 
exposure dosage. As the 3D stack was examined for cases analyzed for negative PR, 
good quality lines were observed at 45 mJ/cm
2
 and 50 mJ/cm
2
 at 15 µm DOF. In this 
study, DOF was not examined experimentally, but with simulation. However, 
Lafratta, Simoska, Pelse, Weng, & Ingram (2015) examined DOF experimentally as 
well by controlling the Z-axis and focus point position and the precision control was 
done using another stepper motor in Z-axis. As in this study, Z-axis and the focused 
laser spot position were fixed, the DOF was difficult to be included in experimental 
work.  
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Chapter 6: Conclusions and Recommendations  
 
This section of the report is providing a brief summary of the achievements 
and outcomes highlighting the research objectives. Concluding notes are provided 
based on the experimental and simulation results obtained. The recommendations are 
added in this section from two perspectives: firstly, to improve experimental study 
based on issues noticed during experiments and secondly, to improve for future 
work. Finally, research implications are provided to highlight the significance of this 
study toward the society as well as people working in the same or close field of 
research.    
6.1 Conclusions  
The main objective of establishing a cost-effective maskless lithography 
experimental setup was achieved with AED 4800. This system produced complex 
structures without the interventions of masks and the designs could be easily 
repeated. The associated cost of masks for manufacturing each design was evaded. 
Two negative photoresist materials, AR-N 4400 and mr-DWL could be used for 
manufacturing microstructures. The process parameters for using these two materials 
were optimized to achieve the best combination of operating conditions and have less 
tolerance. AR-N 4400 photoresist material consisted of 35 minutes pre-bake (oven) 
at 85
o
C, exposure of 1.7 W/cm
2
, 20 minutes post bake (oven) at 95
o
C, and 5 minutes 
of development time. On the other hand, it required 1-minute of pre-bake (hot plate) 
at 50
o
C, exposure of 1.668 W/cm
2
, 5 minutes post bake (hot plate) at 50
o
C, and 5 
minutes of development time for preparing microstructures using mr-DWL 
photoresist material.  
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The minimum line width of 3.94 µm was obtained below 10 µm which 
fulfilled the objectives of this study. The best combination of operating conditions to 
produce the minimum line width was similar to that of any other line, but the 
difference was the path of writing. For the minimum line width patterning, the same 
line of the path was traced between two points leaving no gap.  
The complete maskless direct laser writing system was modelled in the LAB 
Module of GenISys lithography simulation software with the same specification of 
the experimental apparatus. Even same AR-N 4400 negative photoresist was 
modelled and analyzed studying the depth of focus. The 3D resist profile provided 
effective insight into the patterned 3D structure. As the depth of focus for the same 
layer thickness of AR-N 4400 was studied, good quality lines were observed at 45 
mJ/cm
2
 and 50 mJ/cm
2
 at 15 µm depth of focus.  
Finally, to illustrate the competence of developed experimental apparatus, 
complex designs of two micro-mixing devices were manufactured. Through all these 
findings, this study contributed in building and testing maskless lithography system 
with two negative photoresist materials for manufacturing microfluidic devices.     
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6.2 Recommendations  
Based on the challenges encountered in the experimentation and for future 
improvements, the following recommendations are provided: 
 Use a UV laser with a good range of power as some photoresist may require 
less or some may require more intensity with respect to sensitivity and optical 
properties of photoresist materials. This factor comes into play because the 
photoresist material subjected UV light are usually provided in terms of 
exposure dosages that is given in units of energy per unit area.  
 In this study, the laser was controlled only by means of only supplied voltage, 
hence there were slight jumps observed in the line width with respect to 
increasing laser intensity. Because the mode gains were not in controlled 
which also indicate that the current supplied and constant temperature 
conditions were not maintained for laser, the effects of mode gain could not 
be avoided in this study. If those factors were controlled, more precise and 
predictable results are expected to be attained.   
 Using a Charged Couple Device Camera on the workpiece holder location to 
obtain the laser profile of focus point. Adding the combination of z-axis will 
improve autofocusing assistance along with closed loop feedback control 
system.  
 Using camera image location technique such that any point on the screen can 
be located from viewing the live camera image of the silicon wafer. In this 
manner, multilayer spin coating and patterning can be achieved with the 
flexibility to mark coordinate the repeat the same design or modified one.   
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6.3 Research Implications 
The research findings of this work which mainly include developing the 
maskless direct laser writing apparatus in a cost-effective manner, the optimizing 
system as well as material process parameters, and identifying the importance of 
depth of focus are serving as a reference for researchers or students to predominantly 
develop such system. Further, take in account the associated benefits of patterning 
complex designs through which researchers can get a platform of using the direct 
laser technique to manufacture with faster modified designs at cheaper production 
cost, and manufacturing in less time. In this manner, the cost of masks is totally 
eliminated along with providing an opportunity for the researcher to fabricate with 
adding their innovative ideas with more trails as manufacturing time is very less.  
From the applications point of view, this research will provide core input to 
quality patterning of microstructures and enhance the frequency of manufacturing 
wide variety of micro-devices such as for the application of microfluidics. In the 
microfluidic applications, based on experimental observation, minor modifications of 
designs tested can be demanding. Hence, with direct laser writing, the lead time is 
reduced and making a new design with added features based on the experimental 
observations can be achieved flexibly. Progressing with advancements in the 
application of MEMS devices, rapid manufacturing is essential as 3D structures and 
networks can be demanding as well. For this reason, in this study, there are two 
negative photoresists are used AR-N 4400 (CAR 44) and mr-DWL_40 is used. AR-N 
4400 (CAR 44) is very good for rapid patterning and removing the patterned 
structure which is essential in the fabrication of MEMS devices. On the other hand, 
mr-DWL_40 is used as it is made for using more prominently for optical structures.       
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6.4 Future Work  
In this study, maskless direct laser writing apparatus was optimized serving in 
the patterning of microstructures for flexible assistance towards manufacturing of 
microfluidic devices. In future, it is expected that many of the limitations of this 
study would be overcome such as controlling the depth of focus. Moreover, new 
features can be added like more than one laser head, and camera to monitor real-time 
patterning for faster batch production and monitoring manufacturing activity 
respectively. In future, advance techniques to implement sub-micron fabrication for 
manufacturing nanofluidic devices will be carried out. Advance techniques can 
include the use of the Nano-positioning stage and use suitable laser writing tool such 
as using two-photon polymerization (TPP) direct laser writing technique (Cao et al., 
2013). In addition, femtosecond laser tool could also be implemented for faster 
fabrication of Nano structures (Bagheri et al., 2015).    
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Appendix 
 
Simulating laser  
As a virtual tool for simulating optical equipment, Zemax Optical Studio is 
widely used. In this study, the selected UV laser diode was modelled using Zemax 
software and the position of the laser was optimized based focal length and laser NA. 
All the steps included in modelling and simulating are shown as an example through 
Figure 119 to Figure 122.   
 
Figure 119: Modelling laser and lens setup  
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Figure 120: Simulating laser beam 
 
Figure 121: Laser Gaussian beam analysis  
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Figure 121: Laser Gaussian beam analysis (Continued)   
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Figure 122: Optimizing focal length   
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